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Abstract
In the hippocampus, long-term memory and synaptic plasticity occur through a series of coordinated
intracellular signaling cascades that strengthen and stabilize subsets of synaptic connections while
leaving thousands of others unaltered. Therefore, understanding how molecular signals are accurately
transmitted is critical to understanding how hippocampal neurons store information. Molecules like
cAMP and protein kinase A are critical components of memory and plasticity, but it is unclear how these
diffusible signals are dynamically regulated to achieve the spatial and temporal specificity that underlies
pathway-specific plasticity. Hyperpolarization-activated and cyclic nucleotide-gated (HCN) channels are
ion channels that are modulated by cAMP and are known to regulate the spatial and temporal dynamics
of excitatory postsynaptic potentials. HCN1 and HCN2 subunits have been implicated in memory,
plasticity and anxiety-related behaviors, but the role for HCN4 subunits remains untested. In Chapter 1, I
review the role of cAMP signaling in hippocampal synaptic plasticity and memory consolidation with
emphasis on the molecular mechanisms regulating cAMP, PKA and HCN channels. In Chapter 2, I
combine live two-photon imaging of genetically-encoded fluorescent FRET sensors and computational
modeling to investigate the molecular mechanisms regulating the spatiotemporal dynamics of cAMP and
PKA activity in hippocampal neurons during stimulation of β-adrenergic receptors. Results suggest that
the ratio between adenylyl cyclase and phosphodiesterase-4 scales with neuronal compartment size to
maintain basal cAMP levels and produce rapid-onset, high-amplitude cAMP transients in small
compartments. Conversely, imaging experiments show that PKA activity is greater in large neuronal
compartments and modeling suggests that compartmental differences in PKA activity depend on the
concentration of protein phosphatase and not on the concentration of PKA substrates or PKA
holoenzyme. In Chapter 3, I use recombinant adeno-associated viruses and shRNA-mediated silencing of
HCN4 subunits to examine their role in anxiety, memory, and contextual fear extinction. Results from a
battery of behavioral assays suggest that reduction of HCN4 subunits increases anxiety-related behavior,
but does not affect object-location memory or contextual fear conditioning. Together, my thesis work
provides novel insight into the molecular mechanism regulating the spatiotemporal dynamics of cAMP/
PKA signaling and provides suggests a role for HCN4 subunits in anxiety-related behavior.
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ABSTRACT
INVESTIGATION OF THE SPATIOTEMPORAL DYNAMICS OF cAMP AND PKA
SIGNALING AND THE ROLE OF HCN4 SUBUNITS IN ANXIETY-RELATED
BEHAVIOR AND MEMORY
Vincent Gerard Luczak
Edwin (Ted) Abel

In the hippocampus, long-term memory and synaptic plasticity occur through a series of
coordinated intracellular signaling cascades that strengthen and stabilize subsets of
synaptic connections while leaving thousands of others unaltered. Therefore,
understanding how molecular signals are accurately transmitted is critical to
understanding how hippocampal neurons store information. Molecules like cAMP and
protein kinase A are critical components of memory and plasticity, but it is unclear how
these diffusible signals are dynamically regulated to achieve the spatial and temporal
specificity that underlies pathway-specific plasticity. Hyperpolarization-activated and
cyclic nucleotide-gated (HCN) channels are ion channels that are modulated by cAMP
and are known to regulate the spatial and temporal dynamics of excitatory postsynaptic
potentials. HCN1 and HCN2 subunits have been implicated in memory, plasticity and
anxiety-related behaviors, but the role for HCN4 subunits remains untested. In Chapter
1, I review the role of cAMP signaling in hippocampal synaptic plasticity and memory
consolidation with emphasis on the molecular mechanisms regulating cAMP, PKA and
HCN channels. In Chapter 2, I combine live two-photon imaging of genetically-encoded
fluorescent FRET sensors and computational modeling to investigate the molecular
mechanisms regulating the spatiotemporal dynamics of cAMP and PKA activity in
iv

hippocampal neurons during stimulation of β-adrenergic receptors. Results suggest that
the ratio between adenylyl cyclase and phosphodiesterase-4 scales with neuronal
compartment size to maintain basal cAMP levels and produce rapid-onset, highamplitude cAMP transients in small compartments. Conversely, imaging experiments
show that PKA activity is greater in large neuronal compartments and modeling suggests
that compartmental differences in PKA activity depend on the concentration of protein
phosphatase and not on the concentration of PKA substrates or PKA holoenzyme. In
Chapter 3, I use recombinant adeno-associated viruses and shRNA-mediated silencing
of HCN4 subunits to examine their role in anxiety, memory, and contextual fear
extinction. Results from a battery of behavioral assays suggest that reduction of HCN4
subunits increases anxiety-related behavior, but does not affect object-location memory
or contextual fear conditioning. Together, my thesis work provides novel insight into the
molecular mechanism regulating the spatiotemporal dynamics of cAMP/PKA signaling
and provides suggests a role for HCN4 subunits in anxiety-related behavior.
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Chapter 1: Overview the cAMP pathway and the role of HCN
channels in synaptic plasticity and memory
Abstract
Long-term,

hippocampus-dependent

memories

are

formed

through

the

coordinated actions of intracellular signaling networks that integrate excitatory, inhibitor,
and

modulatory

neurotransmission.

During

emotionally-charged

experiences,

modulatory systems like the adrenergic system can activate cAMP signaling to
selectively remodel subsets of synaptic pathways while leaving thousands of others
unaltered. Protein kinase A (PKA) is a principle target of cAMP that phosphorylates
numerous substrate proteins to activate kinase cascades that further activate gene
transcription, de novo protein synthesis, protein trafficking and synaptic remodeling.
Another direct target of cAMP is the hyperpolarization-activated and cyclic-nucleotide
gated (HCN) channel that provides a depolarizing current and increases neuronal
excitability when cAMP levels increase. In this chapter, I will summarize the molecular
mechanisms regulating cAMP signaling in hippocampal CA1 neurons that may provide a
basis for pathway-specific plasticity and memory.

1

1.1 The hippocampus and memory storage
Almost 60 years ago, Scoville and Milner first reported that bilateral resection of the
hippocampal formation severely impaired storage of new episodic memories
(anterograde amnesia) and destroyed recent memories formed before the procedure
(retrograde amnesia) (Scoville and Milner, 1957). Since then, behavioral assessments in
animal models have revealed that the hippocampus is particularly involved in forming
associations between spatial and temporal information to establish a neural
representation of a physical context (Maren et al., 2013). Post-training lesions,
pharmacological inactivation or genetic disruption of the hippocampus in rodent models
revealed that memory arises through a series of seemingly sequential phases of
acquisition, consolidation and retrieval (Abel and Lattal, 2001). Acquisition occurs during
the precise moment of sensory activation or directed attention. Acquired information
stimulates neuronal activity that activates intracellular signaling pathways to form a
transient short-term memory. This short-term memory is highly unstable and may persist
for only a few minutes if signaling pathways are altered through pharmacological
treatments or exposure to novel stimuli. If the transient activity is sufficiently strong or
long-lasting, the acquired information can be consolidated into a long-term memory is
resistant to disruption and can persist for several hours, days or a lifetime (Matus-Amat
et al., 2004). Retrieval is the phase of memory where information from a prior experience
is recalled and utilized to inform a current experience and surprisingly, the memory
returns to a labile state that is sensitive to disruption, suggesting that memory is
continuously retrieved are reconsolidated (Debiec et al., 2002) (Figure 1.1 and 1. 3).

1.2 Hippocampal synaptic plasticity
2

In 1949, D. O. Hebb published his “neuropsychological theory” of “cell assemblies” and
“phase sequence” as the basis of cognition and memory (Hebb, 1949). He famously
wrote, “When an axon of Cell A is near enough to excite a Cell B and repeatedly or
persistently takes part in firing it, some growth process or metabolic change takes place
in one or both cells such that A’s efficiency, as one of the cells firing B, is increased.”
This statement is often paraphrased as “cells that fire together, wire together” and
served as the conceptual basis for “Hebbian plasticity” which came to be known as
synaptic potentiation.
Hebb’s theory describing activity-dependent changes in neuronal connectivity
was strongly supported in 1973 by Bliss and colleagues when they performed
extracellular field recording in anesthetized and awake rabbits. Electrodes were placed
in the dentate gyrus of the hippocampus and repeated stimulation of performant path
axons extending from the entorhinal cortex led to an increased response in dentate
granule cell activity (Bliss and Gardner-Medwin, 1973; Bliss and Lomo, 1973). In multiple
experiments, external stimulation with various frequencies and input intensities
repeatedly produced a pathway-specific increase in field potentials that persisted from
days to weeks after delivery of stimuli and was referred to as long-lasting potentiation
(LTP). Since these seminal findings, LTP has been found in several other mammalian
systems that range from rodents to humans (Beck et al., 2000; Chen et al., 1996; Martin
et al., 2000). Additionally, other forms of synaptic plasticity have been described and
include activity-dependent depotentiation, long-term depression (LTD), synaptic tagging
and capture, metaplasticity and spike-timing dependent plasticity (Abraham, 2008).

1.3 Molecular mechanisms of plasticity and memory
3

Since first identifying the phenomenon, synaptic plasticity in the hippocampal tri-synaptic
circuit has revealed great insight into the molecular mechanisms underlying short- and
long-term memory (Malenka and Bear, 2004; G. Neves et al., 2008). Early studies that
used acute hippocampal slices found that LTP can display two forms that vary according
to the “intensity” of the stimulation protocol; “weak” synaptic stimulation (e.g., one round
of 1s / 100Hz pulses) produces a rapid increase in synaptic potentiation that returns to
baseline levels in approximately one to two hours and is referred to as E-LTP, but
“strong” stimulation (e.g., four rounds of 1s / 100 Hz pulses) can produce prolonged
synaptic stimulation that last more than three hours in slices ex vivo and is considered to
be L-LTP (Figure 1.2). Numerous studies have found that the molecular mechanisms
responsible for the distinction between E-LTP and L-LTP ex vivo, correlate with the
molecular mechanisms underlying the distinction between short- and long-term memory
in vivo. Although much is known about the mechanisms of LTP, it seems that the
molecular mechanisms can vary from one part of the hippocampal circuit to another. For
simplicity, the following sections will focus mostly on the molecular mechanisms of
synaptic plasticity at Schaffer collateral synapses formed between CA3 axons and CA1
dendrites in the dorsal hippocampus.
During a typical electrophysiology experiment using extracellular electrodes,
single test-pulses are given each minute to stimulate CA3 axons and produce a field
excitatory postsynaptic potential (fEPSP) in area CA1 that is largely driven by
glutamatergic activation of Na+ -permeable ionotropic α-amino-3-hydroxy-5-methyl-4isoxazolepropanoic acid (AMPA) receptors. However, during LTP induction, an
increased stimulation frequency leads to a prolonged increase in synaptic glutamate
release that activates Ca2+ -permeable N-methyl-D-aspartate (NMDA) receptors. NMDA
4

receptors operate through a two-step regulatory mechanism that requires both glutamate
binding and membrane depolarization - at resting membrane potentials and unbound
glutamate, NMDA receptors are closed and a Mg 2+ ion occupies the external ionconducting pore of the channel; when glutamate is bound to the receptor, the
conformation of the channel opens but remains blocked by the Mg2+ ion unless sufficient
membrane depolarization occurs to eject the Mg2+ ion and allow Ca2+ ions to flow
through the channel. Thus, the NMDA receptor is often referred to as a coincidence
detector of pre- and postsynaptic activity (Dore et al., 2015; Mayer et al., 1984; Nowak et
al., 1984).

1.3.1 Molecular mechanisms of E-LTP
NDMA receptor activation provides a large, transient influx of extracellular calcium,
which acts as a critical second messenger for induction of LTP. On its own, increasing
intracellular calcium through photolysis can induce LTP and chelating intracellular
calcium transients can block LTP (Malenka et al., 1988). A principle downstream
substrate of calcium is the calcium-dependent modulator, calmodulin (Malenka et al.,
1988). Calmodulin effectively translates calcium influx into enzymatic activity by binding
to and activating several downstream proteins that include the calcium/calmodulin
dependent protein kinase IIα (CaMKIIα) (Silva et al., 1992), the calcium/calmodulin
dependent

protein

phosphatase

IIb

or

calcineurin

(PP2b/calcineurin),

and

calcium/calmodulin stimulated adenylyl cyclase (AC), type 1 and type 8.
Induction of E-TLP with high-frequency stimulation (HFS) (e.g., 1-train of 1s /
100Hz) is expressed by an increased AMPA receptor current, and CaMKIIα underlies
much of this effect by promoting AMPA receptor trafficking through inhibition of SynGAP
5

(Chen et al., 1998) and directly increasing single AMAP receptor channel conductance
(Benke et al., 1998; Derkach et al., 1999). During LTP induction when CaMKIIα is
activated by calcium/calmodulin, CaMKIIα can undergo autophosphorylation at threonine
residue 286 (T286) to achieve calcium-independent catalytic activity and promote AMPA
receptor-mediated synaptic potentiation, even in the absence of NMDA-derived calcium
transients (Fukunaga et al., 1993). Calcineurin is a major phosphatase activated by
calcium/calmodulin during induction of LTP and combines with other phosphatases, like
protein phosphatase 1 and 2B to maintain phosphorylation levels before and after
synaptic activity. Together, kinases like CaMKIIα and phosphatases like calcineurin form
a basic feedback loop that represents the transient nature of E-LTP; following an initial
spike in calcium levels, CaMKIIα phosphorylation promotes synaptic potentiation and
calcineurin dephosphorylation restores synaptic activity to the original basal level.

1.3.2 Molecular mechanisms of L-LTP
If induction of LTP is sufficiently strong, synaptic potentiation can persist into “latephase” long-term potentiation (L-LTP) and remain potentiated from 2+ hours to the life of
the slice (>6 hours). The molecular requirements for induction and maintenance of LLTP minimally include the mechanisms for E-LTP; however, the additional molecular
pathways required for L-LTP vary according to the stimulation frequency used for LTP
induction.
For example, four trains of HFS, known as “4-train”, is a common stimulation
paradigm used to induce L-LTP in mouse hippocampal slices. The protocol was adapted
from early experiments in rat hippocampal slices that found L-LTP was reliably induced if
each HFS train was delivered with a 10 minute inter-train interval (or a 5 minute interval
6

in mouse slices). This form of L-LTP required D1/5 receptor activation and cAMP (Frey
et al., 1993, 1991, 1990; Swanson-Park et al., 1999), PKA activity (Abel et al., 1997), de
novo protein synthesis (Huang and Kandel, 1994) and gene transcription (Frey et al.,
1996; Nguyen et al., 1994). Additional kinase pathways have been found to be involved
in L-LTP and include the Src tyrosine kinase, protein kinase C (PKC), and the
extracellular-signal regulated/mitogen-activated kinase (ERK/MAPK) (Ajay and Bhalla,
2007; Malenka and Bear, 2004; Salter and Kalia, 2004; Selcher et al., 2003; Sindreu et
al., 2007).
In many ways, it seems that L-LTP induction recruits kinase pathways that
converge on transcription and translation machinery to generate new proteins that may
be consumed during synaptic remodeling. Multiple trains of HFS increases
phosphorylation at transcription factors like the cAMP-response element binding protein
(CREB) that enhances recruitment of transcriptional cofactors like the CREB-binding
protein (CBP) (Bourtchuladze et al., 1994; Impey et al., 1996; Wood et al., 2005).
Furthermore, transgenic expression of a constitutive version of CREB alone can lower
the threshold for synaptic plasticity by producing L-LTP with a single train of HFS (Barco
et al., 2005, 2002), and multiple trains of HFS increase phosphorylation of the
cytoplasmic polyadenylation element-binding protein (CPEB) that is thought to increase
translation initiation and this effect is largely depended on NMDA receptors and CaMKII
activity (Atkins et al., 2005). Although it seems like transcription and translation are
necessary for L-LTP induced by multiple trains of HFS, it may be possible to rescue LLTP if protein degradation and protein synthesis are blocked simultaneously (Fonseca et
al., 2006).

7

1.3.3 Spatial and temporal mechanisms of signaling in synaptic
plasticity – computational simulations and experimental
validation
Although much is known about the molecules involved in L-LTP induced using spaced 4train HFS, we are only beginning to understand the mechanistic way these pathways
may interact with each other. Surprisingly, if the temporal spacing of the HFS tetanus is
compressed with an inter-train interval of ~3-20 seconds, then the resulting L-LTP is
NMDA-receptor-dependent but no longer requires PKA or protein synthesis (Scharf et
al., 2002; Woo et al., 2003). These findings suggests that L-LTP occurs by recruiting
specific signaling cascades at temporally-defined phases, and the requirement for a
particular pathway may change as the inter-stimulus interval changes. Interestingly, this
also seems to apply in behavioral paradigms for contextual memory and object
discrimination memory (Genoux et al., 2002; Scharf et al., 2002).
To better understand the temporal requirements for PKA activity in synaptic
plasticity, Kim and colleagues developed a single-compartment computational model of
the core signaling pathways implicated in LTP (Kim et al., 2010). The model
incorporated reaction rates from published biochemical measurements and included
calcium influx/buffering, dopamine receptor activation, cAMP synthesis and temporallydefined phases of activated CaMKII, PKA, adenylyl cyclase, protein phosphatase-1
(PP1) and protein phosphatase inhibitor-1 (I-1); and simulations predicted that PKAdependent L-LTP occurs if the inter-train interval is greater than 60 seconds. The
predictions were then tested experimentally and found that an inter-train intervals of 40
seconds produced PKA-independent L-LTP, whereas intervals of 80 seconds again
required PKA activity. Computational models of synaptic signaling have become
8

increasingly common in recent years, in part, because all signaling pathways are
explicitly defined and we have learned much about the molecules implicated in synaptic
plasticity. Together, the modeler and experimentalist can form a positive feedback loop
where the modeler makes predictions and the experimentalist tests them. Essentially, in
vitro electrophysiology can be seen as a “top down” approach that presents multiple
unknowns with each component being individually identified, whereas computational
models are built from the “bottom up” to build a minimal system that meets/fails to deliver
a predicted experimental result. In these simulations, each pulse of synaptic stimulation
delivers an explicitly defined amount of glutamate or modulatory transmitter (e.g.,
dopamine) that converges on a simulated cellular compartment. Together, these signals
activate intracellular signaling cascades that can be spatially restricted via proteinprotein interactions or the cellular morphology. The signaling pathways involved can be
tuned to test the desired question. In Kim, et al., the simulations found that massed HFS
stimulation produced a significant amount of PKA activity via calcium-induced stimulation
of adenylyl cyclase, but PKA activity was not required because the large calcium influx
produced much more CaMKII activity compared to spaced stimulation. Additionally,
simulations reproduced experimental evidence that previously found spaced stimulation
critically required activation of modulatory pathways to produce enough PKA activity for
induction of L-LTP (Frey et al., 1991).
In addition to the temporally-defined requirements for signaling, L-LTP requires
spatially-defined signaling. Evidence for spatial coordination of intracellular signaling in
LTP comes from “two-pathway” recordings that stimulate two independent synaptic
pathways (S1 and S2) that converge onto a common postsynaptic population. In a series
of seminal experiments, Frey and Morris developed a model of “synaptic-tagging and
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capture” using a two-pathway system. Their experiments showed that L-LTP induced at
S1 was constrained to that particular pathway and did not affect baseline potentiation at
the control S2 pathway. They further found that induction of L-LTP at S1 produced
required novel protein synthesis to produce “plasticity-related proteins” that could be
“captured” by E-LTP induction at S2 to generate long-lasting L-LTP (Frey and Morris,
1997). In parallel, Seidenbecher and colleagues provided behavioral evidence for
synaptic-tagging and capture mechanisms in vivo by combining an appetitive (i.e.,
drinking after water deprivation) or aversive (i.e., foot shock) stimulus with weak tetanic
stimulation in the dentate gyrus. Behavioral stimuli promoted L-LTP if weak stimulation
occurred within a 30 min time window before or after the behavioral manipulation and
the reinforcing effect was blocked by the β-adrenergic antagonist, propranolol
(Seidenbecher et al., 1997).

1.3.4 Spatial and temporal mechanisms of cAMP/PKA signaling
The PKA holoenzyme exists as a tetramer consisting of two regulatory subunits (four
isoforms; PKA-RIα/β, PKA-RIIα/β) and two catalytic subunits (two neuronal isoforms;
PKA-Cα, PKA-Cβ). In the inactive state, the regulatory subunits effectively serve as
pseudosubstrates for the catalytic subunits, but in the presence of cAMP, each
regulatory subunit will cooperatively bind two molecules of cAMP (binding sites A and B)
and release active catalytic subunits. Surprisingly, L-LTP maintains pathway-specific
plasticity despite requiring diffusible signals like cAMP and the catalytic subunit of PKA,
which suggests that additional regulatory mechanisms constrain cAMP or PKA to
prevent unwanted heterosynaptic plasticity. In the case of cAMP and PKA signaling,
spatial specificity is thought to occur through interactions between the regulatory subunit
of PKA and large scaffold proteins known as A-kinase anchoring proteins (AKAPs).
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AKAPs are a diverse family of multivalent scaffolds that bind and localize PKA near a
variety of other signaling molecules that include PKC, protein phosphatases,
phosphodiesterases, ion channels and adenylyl cyclase (Sanderson and Dell’Acqua,
2011; Skroblin et al., 2010).
The first evidence supporting a role for PKA anchoring as a mechanism
regulating neuronal function came from patch-clamp recordings in cultured hippocampal
neurons. Under normal conditions, bath application of kainate activates AMPA/kainate
receptors and produces an inward current that can be maintained through an ATPdependent mechanism. In the absence of ATP, or in the presence of the PKA catalytic
inhibitor, PKI, the current gradually declines ~40% over 25 minutes. This “rundown”
effect was phenocopied by intracellular perfusion of the 24-amino acid PKA anchoring
domain from AKAP-Lbc (referred to as Ht31), suggesting that PKA anchoring was
required for accurate targeting of PKA activity to active ion channels (Rosenmund et al.,
1994).
Subsequent studies explored the role of PKA anchoring in synaptic plasticity and
memory. In 2006, Huang et al., showed that application of a cell permeable version of
Ht31 (stHt31) was sufficient to impair PKA-dependent L-LTP induced by multiple spaced
trains of HFS, but did not alter E-LTP produced by a single train of HFS. Continuing to
explore the spatial and temporal requirements for anchored PKA activity, Huang et al.,
tested stHt31 application during a synaptic tagging and capture experiment and found
that: 1) stHt31 did not disrupt spaced 4-train LTP if applied 30 minutes after induction;
and 2) stHt31 did block capture of plasticity-related proteins if applied during one-train
HFS delivered at the capture pathway, S2 (Huang et al., 2006).
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To explore the role of PKA anchoring in long-term memory, Nie et al., developed
two unique transgenic lines that expressed Ht31 either in all subregions of the
hippocampus (DG, CA3 and CA1) or with reduced levels in CA3, leaving most
expression to CA1 and the DG. Surprisingly, these two transgenic lines showed different
phenotypes. Expression of Ht31 throughout the hippocampus completely disrupted LLTP induced by either spaced 4-train HFS or theta-burst and impaired long-term spatial
memory in the Morris water maze. However, reduced Ht31 expression in area CA3 was
not sufficient to disrupt theta-burst LTP or spatial memory (Nie et al., 2007). Continuing
with this work, Park and colleagues showed that Ht31 expression throughout the
hippocampus selectively impaired contextual fear conditioning and forskolin-induced
synaptic potentiation in a mechanism that reduced the level of synaptic vesicle protein 2
(SV2) and reduced the size of readily-releasable pool of synaptic vesicles (Park et al.,
2014). Together, these findings suggest that PKA anchoring in presynaptic
compartments facilitates synaptic release during sustained periods of synaptic activity,
whereas postsynaptic PKA anchoring facilitates sustained postsynaptic excitation via
PKA-dependent phosphorylation of glutamate receptors like GluA1-S845 (Kim et al.,
2011).

1.3.5 Major AKAPs implicated in hippocampal memory and β-ARmediated LTP
AKAPs are a family of more than 50 structurally diverse members with examples found
across many phyla ranging from yeast to humans, all with the shared minimum
requirement that they bind the regulatory subunit of PKA. One of the first AKAPs
described was the microtubule-associated protein 2 (MAP2) because it co-purified with
RII subunits from brain tissue (Obar et al., 1989). To explore the role of PKA-MAP2
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anchoring in memory, Khuchua et al. developed mutant mice carrying a deletion in the
N-terminal PKA binding domain of MAP2 (Δ1-158). In protein and tissue from these
mice, MAP2 protein had reduced phosphorylation levels and cultured hippocampal
neurons had an altered dendritic morphology, suggesting that MAP2 phosphorylation
partially regulates the microtubule cytoskeleton. Similarly, mice had deficits in long-term
contextual fear memory, but normal cued conditioning (Khuchua et al., 2003). Later, the
MAP2 (Δ1-158) mice were used to investigate the subcellular localization of PKA
regulatory and catalytic subunits. Using confocal microscopy and fluorescently labelled
PKA subunits, Zhong and colleagues found that PKA-RII was preferentially localized
along dendrites in cultured neurons and slices, whereas PKA-RI was diffusely
distributed. However, in MAP2 (Δ1-158) mutants PKA-RII subunits appeared to be
enriched in dendritic spines, suggesting that some AKAPs may remain in an unoccupied
state if another AKAP that contains a higher affinity for the PKA subunit or is expressed
at a higher level overall. Additionally, MAP2 (Δ1-158) mutants were impaired in L-LTP
induced by pairing weak 10 Hz stimulation with application of the β-adrenergic agonist,
isoproterenol.
AKAP150 (also known as AKAP5/79) is another major AKAP implicated in longlasting forms of synaptic plasticity and memory. AKAP150 interacts with AMPA and
NMDA-type glutamate receptors, as well as voltage-gated calcium channels and βadrenergic receptors (Colledge et al., 2000). Deletion of AKAP150 reduces
phosphorylation at GluA1(S845) and produces a “rundown” in AMPA receptor-mediated
currents similar to the effects of PKI. Additionally, a form of synaptic plasticity induced by
low frequency stimulation (LFS) known as long-term depression (LTD) is blocked, and
long-term spatial memory is impaired in AKAP150 knockouts (Tunquist et al., 2008).
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However, selective deletion of the PKA-binding domain in AKAP150 (known as
AKAP150(D36)) impairs hippocampal LTP, but does not alter spatial memory (Lu et al.,
2007; Weisenhaus et al., 2010).
Gravin (also known as AKAP12/SSeCKS) is a third major AKAP implicated in
long-term memory and long-lasting synaptic plasticity. In cultured cells, gravin was found
to interact with Src, PKC, calmodulin, PDE4D and β2-adrenergic receptors (Nauert et al.,
1997; Tao et al., 2003; Willoughby et al., 2006). In transgenic mice specifically disrupting
the full-length form of gravin (known as gravinα), long-term contextual and cued fear
memory was impaired as well as object location memory. Similarly, long-lasting PKAdependent forms of synaptic plasticity (spaced 4-train and theta-burst) were impaired,
whereas PKA-independent forms were unaltered (Havekes et al., 2012). Interestingly, a
PKA-dependent form of metaplasticity induced by pairing the β-adrenergic receptor
agonist, isoproterenol (ISO), with 5Hz/3min stimulation (Gelinas et al., 2008) is also
disrupted in gravin mutants.

1.3.6 Mechanism of PKA anchoring in enhanced forms of βadrenergic receptor metaplasticity
Adrenergic signaling has been implicated in multiple aspects of memory enhancement
that include consolidation (Cahill and Alkire, 2003; Izquierdo et al., 1998), retrieval
(Murchison et al., 2004; Schutsky et al., 2011), extinction (Berlau and McGaugh, 2006)
and reconsolidation (Gazarini et al., 2013). In hippocampal slices, isoproterenol
increases the firing frequency of CA1 neurons in a dose-dependent manner that is
selective for β2-adrenergic receptors and independent of glutamatergic or cholinergic
input (Hillman et al., 2005). Similarly, norepinephrine or isoproterenol treatment lowers
the threshold for induction of several forms of long-lasting synaptic plasticity (Gelinas
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and Nguyen, 2005; Winder et al., 1999) and recent studies suggest this enhancement
mainly operates through β2-ARs (Maity et al., 2015; Qian et al., 2012).
The β2-AR is known to interact with several AKAPs that are thought to act as
multiprotein scaffolds that coordinate and spatially compartmentalize signal transduction
pathways. Interestingly, disruption of either AKAP150 or Gravin impairs β-AR mediated
forms of synaptic plasticity and long-term memory, but each AKAP seemingly
coordinates a unique component of β-AR signaling. For example, in the case of
AKAP150 knockouts, AC5 is excluded from the post synaptic density and isoproterenol
treated slices fail to enhance phosphorylation of AMPA receptor subunit GluA1 (pS845)
(Zhang et al., 2013), a requirement for β-AR LTP (Qian et al., 2012). Conversely, Gravin
mutant mice have reduced levels of phosphorylated β2-AR (pS345, pS346) and pERK
following fear conditioning training (Havekes et al., 2012), a mechanism that is attributed
to impaired G protein switching at β2-ARs from Gαs to Gαi which is thought to facilitate
ERK1/2 activation (Daaka et al., 1997).
In hippocampal slices, isoproterenol or norepinephrine alone increases
phosphorylation of postsynaptic targets that are required for long-lasting plasticity, such
as ion channels (GluA1) (Qian et al., 2012) or translational regulators (rpS6 and eIF4E)
(Maity et al., 2015). Because bath application of the AC activator, forskolin, can produce
a form of “chemical LTP” (Chavez-Noriega and Stevens, 1992) but isoproterenol or
norepinephrine treatment alone does not induce LTP (O’Dell et al., 2015), then the
amount of PKA activity generated during isoproterenol treatment is subthreshold for LTP
induction and suggests that a greater amplitude or duration of PKA activity via inhibition
of protein phosphatases, increased cAMP via inhibition of phosphodiesterases, or
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integration of multiple cAMP-sources is required to exceed the threshold for LTP
induction.

1.4 The role of HCN channels in neuronal excitability
Although PKA is a major substrate mediating the intracellular actions of cAMP
signaling, the hyperpolarization-activated and cyclic nucleotide-gated (HCN) channel is
another cAMP substrate that directly affects neuronal excitability in the presence of
cAMP.
In mammals, HCN channels are homo- or heterotetrameric cationic channels
related to the superfamily of pore-loop cation channels and are assembled from up to
four homologous subunits (HCN1-4). Each HCN subunit has two main functional
domains: 1) the transmembrane domain forms the voltage gating and ion selectivity
mechanisms; and 2) the C-terminal intracellular cyclic-nucleotide binding domain
(CNBD). At resting membrane potentials, HCN channels conduct an inward Na+ current
and stabilize the resting membrane potential. Therefore, blocking the HCN current by
adding CsCl or ZD7288 results in a hyperpolarized resting membrane potential (Magee,
1999). When activated, HCN channels conduct a depolarizing mixed Na+/K+ current.
Current conducted by HCN channels is commonly referred to as Ih (Pape, 1996; WahlSchott and Biel, 2009).
During an action potential, HCN channels close at depolarized potentials and
therefore accelerate repolarization, but open again when the membrane potential
hyperpolarizes. Overall, the HCN channel therefore acts to buffer changes in membrane
potential. In the presence of cAMP, the gating of HCN channel opening is shifted to open
at more positive membrane potentials. Each HCN subunit is uniquely tuned to activate at
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a different range of potentials and they differ in their degree of modulation by cAMP. For
example, the midpoint for activation of HCN1 channels is ~-70 mV whereas HCN4 is ~100 mV. However, in the presence of cAMP, HCN1 and HCN3 activation is only slightly
shifted approximately 2-5 mV (~-65 mV), whereas HCN2 and HCN4 activation greatly
shifts approximately 15 mV (~-85 mV) (Craven and Zagotta, 2006).
In hippocampal CA1 neurons, the density of Ih increases over sixfold from soma
to distal dendrite which closely follows a distance-dependent increase in HCN1
localization (Lörincz et al., 2002; Magee, 2000, 1998). Because of dendritic filtering and
the passive cable properties of neurons, activation of distant synapses should be
significantly less effective than proximal synapses at producing depolarizing potentials in
the soma. However, experiments using dual patch recordings in the soma and different
parts along the CA1 dendrite show that the amplitude of the local dendritic excitatory
postsynaptic potential (EPSP) increases with distance from the soma in response to a
constant stimulus while producing similar somatic EPSP (Magee and Cook, 2000).
Surprisingly, the spatial gradient in HCN channel localization in CA1 neurons largely
depends on calcium-dependent signaling via NMDA receptors and kinase activity from
CaMKIIα (Shin and Chetkovich, 2007). Overall, HCN channels and Ih constrain distal
dendritic potentials and normalize temporal summation of EPSPs to create functionally
distinct dendritic compartments; that is, blocking HCN channels enhanced temporal
summation in distal dendrites and increased neuronal excitability (Magee, 1999) (Figure
1.4).

1.4.1 The role of HCN channels behavior and synaptic plasticity
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Although much is known about how HCN channels interact with the passive and
active properties of neuronal dendrites to regulate dendritic integration and neuronal
excitability, only a few studies have explored the role of HCN channels in synaptic
plasticity and behavior. Even then, the few studies that have explored plasticity and
memory have only focused on HCN1 and HCN2 subunits, as well as the HCN accessory
subunit TRIP8b.
Mice carrying a full body deletion of HCN1 subunits revealed impairments in the
visible version of the Morris water maze and accelerating rotarod, suggesting

severe

deficits in cerebellar function (Nolan et al., 2003). Understandably, altered motor
coordination can complicate further behavioral assessments of long-term memory when
exploration and movement are used as behavioral proxies for “memory”. Therefore,
Nolan and colleagues a second conditional knockout mouse for HCN1 subunits
(HCN1f/f). When HCN1f/f mice were crossed with transgenic mice expressing Cre
recombinase in forebrain excitatory neurons, the resulting offspring (HCN1f/f,cre) carried
a

restricted

deletion

of

the

HCN1

gene

in

forebrain

excitatory

neurons.

Electrophysiological recordings confirmed that CA1 neurons displayed all the expected
physiological effects associated with HCN channel blockade. That is, CA1 neurons have
a hyperpolarized resting membrane potential, enhanced excitability, increased input
resistance and a prolonged time constant (Nolan et al., 2004). In behavioral tests for
long-term memory, the visible and hidden versions of the Morris water maze were
enhanced in HCN1f/f,cre mice compared to HCN1f/f controls. However, anxiety,
attention and contextual fear conditioning were not affected in HCN1f/f,cre mice.
Surprisingly, LTP recordings found that loss of HCN1 specifically enhanced LTP induced
at direct perforant path synapses (entorhinal cortex to CA1) but did not affect Schaffer
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collateral synapses (CA3 to CA1). Overall, electrophysiological and behavioral studies
suggest that HCN1 subunits constrain memory and plasticity by limiting temporal
summation and restricting dendritic calcium spikes (Tsay et al., 2007).
In a similar series of experiments as Nolan et al., Lewis and colleagues
generated a knockout mouse carrying a deletion for the HCN accessory subunit,
TRIP8b. In these studies, loss of TRIP8b produced the physiological and motor deficits
initially observed in full body knockouts for HCN1, but deletion of either TRIP8b, HCN1
or HCN2 found reduced depression-like behaviors in the forced swim test (FST) and tail
suspension test (TST) (Lewis et al., 2011). Surprisingly, targeted knockdown of HCN1 in
dorsal CA1 by lentiviral-mediated shRNA produced the same antidepressant result as
Lewis et al., but also found that reduction of HCN1 subunits produced an anxiolytic effect
in the elevated plus maze and open field (Kim et al., 2012).
Lewis et al., also reported that loss of HCN2 produced motor deficits similar to
loss of HCN1 and therefore, few studies have explored the role for HCN2 subunits in
behavior or memory. One study that assessed physiology and plasticity in the
hippocampus found that perforant path LTP was enhanced in global HCN2 knockouts,
similar to experiments from full body deletions of HCN1 subunits. However, restricted
deletion of HCN2 in forebrain excitatory neurons did not produce the same enhanced
perforant path LTP. Subsequent patch clamp recordings found that the enhanced
perforant path LTP observed with loss of HCN2 was largely attributed to reduced GABA
release from stratum oriens-lacunosum moleculare (OLM) interneuron (Matt et al.,
2011).

1.5 Summary
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A long-lasting change in synaptic connectivity is the leading model for how information is
stored in neuronal circuits and underlies all aspects of experience-dependent learning
and memory. The timing, duration, and intensity of intracellular signaling pathways are
essential to detecting synaptic activity and determining the significance of a signal by
modifying a synaptic connection. Second messengers like calcium and cAMP are major
regulators transmitting the spatial and temporal actions excitatory and modulatory
transmission and cAMP is selectively required for long-term plasticity and memory.
cAMP recruits the protein kinase A cascade which activates gene transcription and
protein translation mechanisms that further serve to strengthen synaptic connections.
cAMP can also directly affect membrane physiology and neuronal excitability by
modulating HCN channels. It should be clear that our understanding of the spatial and
temporal actions of cAMP and the activation of downstream substrates is incomplete
and yet significantly contributes to physiology, plasticity and memory. In Chapter 2, we
show that global activation of β-adrenergic receptors produces cAMP transients in CA1
neurons that differ from the compartmental differences in PKA activity and we present
computational models to explain these observations. In Chapter 3, we present
behavioral evidence supporting a role for HCN4 subunits in suppressing anxiety-like
behaviors. These investigations further our understanding of the dynamic regulation of
cAMP signaling in hippocampal neurons and the role of HCN4 subunits in animal
behavior.
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CHAPTER 1 FIGURE LEGENDS
Figure 1.1. The hippocampal circuit and hippocampus-dependent memory. (A)
Transverse section and diagram of the hippocampal circuit. Perforant path projections
extend from the entorhinal cortex layer II (EC-II) project to the dentate gyrus (DG). The
mossy fiber pathway then extends from the DG to hippocampal area CA3 (CA3). Area
CA3 then forms Schaffer collateral synapses with area CA1. There is also a direct
perforant path projection from entorhinal cortex layer III (EC-III) to area CA1. The output
from area CA1 then projects back to the entorhinal cortex layer V (not shown). (B) A
depiction of contextual fear conditioning, a standard hippocampus-dependent behavioral
paradigm. A mouse is exposed to an environment with novel contextual features
(surface materials, light, sounds and smells). The mouse explores for some time before
receiving a noxious electric footshock and a context:shock association is acquired. The
mouse is then returned to the homecage and the consolidation period stabilizes the
context:shock association through the cAMP/PKA signaling pathway, gene transcription
and de novo protein synthesis. Twenty-four hours after training, the mouse is returned to
the shocked context to assess retrieval. The strength of the context:shock memory is
assessed by measuring fearful freezing behavior.
Figure 1.2. Synaptic plasticity in the hippocampus. (A) Synaptic plasticity in the
hippocampus is often used to dissect the molecular mechanisms at various hippocampal
synapses. In this example, a bipolar stimulating electrode and a glass pipette are placed
in area CA1 to stimulate Schaffer collateral synapses. (B) Traces of excitatory
postsynaptic field potentials (fEPSPs) are shown at the top. The downward deflection
occurs because extracellular ions flow into postsynaptic synapses thereby creating a
negative local field potential. Different stimulation protocols produce unique forms of
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LTP that differ in the duration of sustained enhancement and in the underlying molecular
mechanisms. E-LTP (green trace) is produced through a single 1s/100Hz tetanus that
enhances synaptic potentials for 1-2 hours and largely occurs through calcium and
CaMKII activity. L-LTP (blue trace) is produced through four 1s/100Hz pulses that
enhances synaptic potentials for more than 2 hours and additionally requires cAMP,
PKA, gene transcription and de novo protein synthesis.
Figure 1.3. Object-location memory task. The object-location memory paradigm is a
hippocampus-dependent task used to assess long-term spatial memory. Mice have an
innate preference for novelty and explore objects by sniffing. During training, mice are
introduced to a familiar arena and exposed to novel objects in three repeated, 6 minute
rounds of exploration before returning to the homecage. Twenty-four hours later, one of
the objects is displaced to a novel location and sniff duration is quantified for each
objects. Typically, if mice that recognize the nondisplaced objects will sniff less in test
sessions compared to training sessions; conversely, mice will spend more time sniffing a
displaced object.
Figure 1.4. HCN channels and dendritic properties influence the spatial and
temporal properties of postsynaptic potentials. (A) A typical CA1 neuron receives
two major excitatory pathways that are spatially segregated, the distal perforant pathway
and the proximal Schaffer collateral pathway. (B) Compartment area is inversely
proportional to input resistance. With the same synaptic conductance, the local
excitatory postsynaptic conductance (EPSP) will have a higher amplitude and faster time
course in distal dendrites compared to proximal dendrites. (C) HCN current normalizes
somatic potentials and temporal summation. (C1) Dashed-line shows that proximal or
distal inputs produce comparable somatic potentials, but solid lines show that blockade
of HCN channels (ZD7288) reveals dendritic filtering diminishes somatic potentials from
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distal inputs and increases somatic potentials from proximal inputs. (C2) Local
recordings in dendrites or soma show that blockade of HCN channels increases the
amplitude and duration of EPSPs in both compartments. (C3) Blockade of HCN currents
differentially increases temporal summation at distal dendrites compared to proximal
dendrites. (EPSP cartoons are adapted from (Magee, 2000)).
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CHAPTER 2: Dendritic diameter influences the rate and
magnitude of hippocampal cAMP and PKA transients during βadrenergic receptor activation
Abstract
In the hippocampus, cyclic-adenosine monophosphate (cAMP) and cAMP-dependent
protein kinase (PKA) form a critical signaling cascade required for long-lasting synaptic
plasticity, learning and memory. Plasticity and memory are known to occur following
pathway-specific changes in synaptic strength that are thought to result from spatially
and temporally coordinated intracellular signaling events. To better understand how
cAMP and PKA dynamically operate within the structural complexity of hippocampal
neurons, we used live two-photon imaging and genetically-encoded fluorescent
biosensors to monitor cAMP levels or PKA activity in CA1 neurons of acute hippocampal
slices. Stimulation of β-adrenergic receptors (isoproterenol) or combined activation of
adenylyl cyclase (forskolin) and inhibition of phosphodiesterase (IBMX) produced cAMP
transients with greater amplitude and rapid on-rates in intermediate and distal dendrites
compared to somata and proximal dendrites. In contrast, isoproterenol produced greater
PKA activity in somata and proximal dendrites compared to intermediate and distal
dendrites, and the on-rate of PKA activity did not differ between compartments.
Computational models show that our observed compartmental difference in cAMP can
be reproduced by a uniform distribution of PDE4 and a variable density of adenylyl
cyclase that scales with compartment size to compensate for changes in surface to
volume ratios. However, reproducing our observed compartmental difference in PKA
activity required enrichment of protein phosphatase in small compartments; neither
reduced PKA subunits nor increased PKA substrates were sufficient. Together, our
imaging and computational results show that compartment diameter interacts with rate28

limiting components like adenylyl cyclase, phosphodiesterase and protein phosphatase
to shape the spatial and temporal components of cAMP and PKA signaling in CA1
neurons and suggests that small neuronal compartments are most sensitive to cAMP
signals whereas large neuronal compartments accommodate a greater dynamic range in
PKA activity.
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2.1 Introduction
In the hippocampus, long-term potentiation (LTP) and long-term memory (LTM)
occur through changes in synaptic plasticity and neuronal excitability. Hippocampal
dendrites integrate numerous excitatory and modulatory inputs through morphological
and

biophysical

characteristics

that

influence

excitability,

current

flow

and

posttranslational modifications (Spruston, 2008). Dendritic morphology also has a
profound influence on kinase signaling that produces long-range signals from dendrites
to the nucleus that alter epigenetic modifications (Li et al., 2015) or sustain structural
plasticity (Zhai et al., 2013). Additionally, computational simulations and biosensor
imaging studies find that dendritic geometry can also affect the spread of secondmessenger signals within dendrites and influence downstream kinase signaling (Neves
et al., 2008, Chay et al., 2016). Although much is known about how dendritic segments
can serve as integrators of synaptic inputs, additional molecular studies are needed to
determine how dynamic signaling pathways are coordinated with spatial and temporal
precision.
Hippocampal LTP and LTM critically rely on production of the secondmessenger, cyclic-adenosine 5’-3’-monophosphate (cAMP) and activity of cAMPdependent protein kinase A (PKA). cAMP levels are tightly regulated through activation
and inactivation mechanisms that are thought to operate in close proximity to produce
“microdomains” of molecular activity and contribute to synapse-specific plasticity (Harvey
et al., 2008; Zaccolo and Pozzan, 2002). Adenylyl cyclases (ACs) synthesize cAMP
when stimulated by calcium influx or Gαs subunits released from neuromodulatory Gprotein coupled receptors (GPCRs) while phosphodiesterase (PDE) proteins degrade
cAMP to restore basal levels. During a cAMP transient, four molecules of cAMP bind to
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the regulatory subunits of PKA and release diffusible catalytic subunits that
phosphorylate and regulate the activity of numerous intracellular targets that participate
in plasticity and memory (Turnham and Scott, 2016; Woolfrey and Dell’Acqua, 2015).
Increasing hippocampal cAMP by application of either cell-permeable cAMP analogues,
inhibition of PDE4 or direct activation of ACs can enhance several forms of LTM (Barad
et al., 1998; Bernabeu et al., 1997; Bourtchouladze et al., 2003; Viola et al., 2000) or
LTP (Duffy and Nguyen, 2003; Frey et al., 1993). Similarly, suppression of phosphatase
activity by inducible expression of inhibitor-1 (I1) enhances spatial memory (Genoux et
al., 2002), but surprisingly, bath application of phosphatase inhibitors do not enhance
LTP (Woo et al., 2002).
During

emotional

experiences

and

heightened

states

of

arousal,

the

noradrenergic system modulates neuronal activity and promotes LTM by secreting
norepinephrine (NE) and increasing cAMP and PKA activity through activation of βadrenergic receptors (β-ARs) (Cahill et al., 1994; Hu et al., 2007; Sara, 2009). Similarly,
exogenous treatment with β-AR agonists can enhance consolidation of LTM in rodents
(Izquierdo et al., 1998) or humans (Cahill and Alkire, 2003). However, in hippocampal
slices, stimulation of β-ARs with NE or the β-AR agonist isoproterenol (ISO) requires
weak synaptic stimulation and NMDA receptor activation to produce an “enhanced” form
of pathway-specific LTP (Gelinas et al., 2008; Maity et al., 2016; Thomas et al., 1996).
To determine how the cAMP/PKA signaling pathway may operate in distinct dendritic
compartments, we used live two-photon measurements of genetically encoded
fluorescent biosensors to monitor cAMP or PKA activity in hippocampal slices during
stimulation of β-ARs. Computational models were then developed to determine how
dendritic morphology interacts with activation and inactivation mechanisms to produce
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molecular constraints that shape dynamic changes in cAMP and PKA activity and
compartmentalize signal transduction pathways in hippocampal neurons.

2.2 Materials and Methods
Preparation of brain slices and viral transduction
Recombinant Sindbis virus encoding AKAR3 (Allen and Zhang, 2006) or EPACsh150 (Polito et al., 2013) were prepared as previously described (Castro et al., 2010).
Brains were rapidly isolated from P7-P15, C57BL/6 mice (Janvier; Le Genest Saint Isle,
France) and placed in ice-cold “cutting” artificial cerebrospinal fluid (aCSF) containing
110 mM choline Cl, 25 mM NaHCO3, 1.25 mM NaH2PO4, 2.5 mM KCl, 0.5 mM CaCl2, 7
mM MgCl2, 25 mM glucose, 11.6 mM ascorbic acid, 3.1 mM pyruvic acid and saturated
with 95% O2/5% CO2. Coronal sections (250 µm) were made using a vibrating
microtome (Thermo Scientific). Slices were recovered at 30˚C for 20 minutes in
“standard” aCSF containing 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM
NaHCO3, 25 mM glucose, 2 mM CaCl2, 1 mM MgCl2 (~290 ± 5-10 mOsm) saturated with
95% O2/5% CO2 followed by an additional 30 minutes at ~21˚C (room temperature).
Slices were then transferred to Millicell-CM membranes (Millipore) in culture medium
(50% MEM, 50% HBSS, 6.5 g/L glucose, penicillin-streptomycin; Invitrogen), equilibrated
for 10 minutes at 35˚C with 5% CO2, and 1 µl Sindbis virus (~5 x 105 particles / slice) was
added directly over the hippocampus before overnight incubation at 35˚C with 5% CO 2.
The following day, slices were transferred to “standard” aCSF saturated with 95% O2/5%
CO2 at room temperature until used for imaging (<20 hours after viral infection).
Two-photon slice imaging and drug delivery
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On the microscope stage, a nylon/platinum harp stabilized the slice while
suspended on nylon mesh to facilitate continuous perfusion over the whole slice at 3
ml/min with “standard” aCSF at 32˚C. Two-photon imaging was performed using an
upright Leica TCS MP5 microscope with resonant scanning (8 kHz), a Leica 25X/0.95
HCX IRAPO immersion objective and a tunable Ti:sapphire laser (Coherent Chameleon)
with dispersion correction set to 860 nm for CFP excitation. The emission path consisted
of an initial 700 nm low-pass filter to remove excess excitation light (E700 SP, Chroma
Technologies), 506 nm dichroic mirror for orthogonal separation of emitted signal,
479/40 CFP emission filter, 542/50 YFP emission filter (FF506-Di01-25x36; FF01479/40; FF01-542/50; Brightline Filters; Semrock) and two-channel Leica HyD detector
for simultaneous acquisition. Due to the high quantum efficiency and low dark noise of
the HyD photodetectors, detector gain was typically set at 10-15% with laser power at 15%. Z-stack images (16-bit; 512 x 512) were typically acquired every 15 seconds, but in
some cases the “default” minimal frame interval was used. The z-step size was 1-2 µm
and total stack size was typically 40-90 sections depending on the slice (~40-180 µm).
Concentrated stocks were diluted in standard aCSF saturated with 95% O2/5%
CO2 and continuously bubbled during perfusion. Isoproterenol (10 mM; Tocris) was
freshly prepared in Milli-Q water. Forskolin (10 mM; Sigma) and IBMX (100 mM; 3,7Dihydro-1-methyl-3-(2-methylpropyl)-1H-purine-2,6-dione; Tocris) were prepared in
100% DMSO.
Image analysis and image post-acquisition processing
Images were processed in ImageJ by using maximum z-projections followed by
translation registration correction to reduce x/y movement. If Sindbis transduction and
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expression was especially efficient throughout the slice, a z-projection was made using a
subset of the whole image stack to reduce mixing signal from multiple cells along the zaxis. However, z-projections were occasionally complicated by movement in the z-axis
and were therefore corrected with a custom Matlab script before measurement in
ImageJ. After correcting movement in the x/y/z directions, regions of interest (ROIs)
were selected for measurement if they could only be measured for the whole
experimental time course. ROIs were placed around the periphery of the soma to
exclude the nuclear compartment and only somata that were reasonably considered to
be in stratum pyramidale of hippocampal area CA1 were measured. Proximal dendrites
were the region of apical dendrite between the soma and initial dendritic branch, usually
<35 µm from the soma. Intermediate dendrites were between the proximal dendrite and
distal dendrites, typically 35-90 µm. Distal dendrites were the most distal dendritic
compartment that could be observed and were believed to be connected to neurons in
the pyramidal cell layer with a distance 90-150 µm (see Fig. 1A).
After ROI placement, raw CFP and YFP intensity measurements for the entire
time course were imported into Microsoft Excel. A fluorescence ratio was calculated for
each time point in each ROI series and was normalized to the average baseline ratio for
each respective ROI (average of 20 frames before first stimulus). For each ROI, peak
amplitudes were determined by finding the maximum point during the stimulus interval
(e.g. isoproterenol treatment), and taking the average of 2 points on either side of the
max (average of 5 points total). For each ROI, the peak on-rate was determined by
measuring the maximum slope over 4-5 points of the rising phase and peak off-rate was
determined by measuring the most negative slope over 10-15 points of the falling phase
starting after the peak isoproterenol response.
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Statistical analysis was performed in GraphPad Prism. One-way ANOVA followed by
Tukey’s multiple comparison test was used to identify significant differences in the
means of each neuronal compartment. Two-tailed, unpaired t-test was used to compare
the mean response in all dendrites to the mean response in somata.
CA1 dendrite diameter measurements were determined with Image J. Line scans
were placed across the dendrite and each intensity profile was plotted and fit with a
Gaussian curve. The full-width of the Gaussian fit was measured at 35% of the
maximum intensity and the average of four line scans was used to determine the
diameter of each ROI for three slices.
Computational Modeling
We created a computational model of the βAR and calcium activated signaling
pathways in hippocampal CA1 pyramidal neurons using NeuroRD version 3.0
(Jedrzejewski-Szmek and Blackwell, 2016), which simulates reaction-diffusion systems
stochastically. The morphology of the model represents a thin neuronal cross-section
with reflective boundary conditions: either a 6.5 μm diameter compartment representing
proximal dendrite or soma; or a thinner 1.5 μm diameter intermediate or distal dendrite.
The morphology is subdivided into two 0.25 μm submembrane voxels and additional 1
μm cytosolic voxels, to allow for 1-dimensional diffusion from the membrane toward the
core. In the model, βAR stimulation activates the Gs subtype of GTP binding protein,
which activates adenylyl cyclase (AC) types 1 and 5, to produce cAMP. AC1 additionally
requires calcium-bound calmodulin binding for activation. cAMP activates PKA, which
triggers several feedback mechanisms controlling cAMP dynamics. PKA phosphorylates
both phosphodiesterase type 4, which enhances its activity, and βAR, which inactivates
35

the receptor. Calbindin and calcineurin are included in the model to maintain
physiological levels of calcium and calmodulin. In the model, βAR, G protein, AC and
PKA holoenzyme are localized in the submembrane domain and do not diffuse. CyclicAMP, the catalytic subunit of PKA, PDE4 and calmodulin diffuse. For one set of
simulations, one additional set of molecules was included: inhibitor-1, which is
phosphorylated by active PKA and dephosphorylated by calcineurin; protein
phosphatase 1, which is inhibited by phosphorylated inhibitor-1; and a non-specific PKA
phosphoprotein called molecule X. In simulations using this additional set of molecules,
protein phosphatase 1 dephosphorylates PDE4 and molecule X. In all cases,
phosphorylated PDE4 is used as a read-out of the PKA activity, comparable to the
AKAR fluorescence measured in the experiments. All model files needed to run the
simulations (or to examine molecule quantities, diffusion constants and reaction rate
constants) are available on ModelDB.
(https://senselab.med.yale.edu/ModelDB/showModel.cshtml?model=187608)

2.3 Results
2.3.1 β-AR-induced
cAMP
transients
are
intermediate/distal dendrites than in cell bodies

stronger

in

In the first series of experiments, we explored how cAMP dynamics operate in
hippocampal neurons during global stimulation of β-ARs. Young hippocampal slices (P7P15)

were infected with Sindbis virus encoding the cAMP FRET-based biosensor

EPAC-SH150, which consists of a truncated and catalytically inactive version of EPAC1
(Klarenbeek et al., 2011) sandwiched between mTurquoise2 and cp174Citrine (Polito et
al., 2013). Cyclic-AMP transients were monitored in CA1 pyramidal neurons in real time
36

using

two-photon

excitation,

ratiometric

(CFP/YFP)

microscopy.

Up

to

four

compartments were measured in CA1 neurons that included proximal, intermediate, and
distal segments of apical dendrites, and regions of the cell body excluding the nucleus
(see Fig. 2.1C). The general design of these experiments included a 10 minute baseline
before a 10 minute treatment with the β-AR agonist isoproterenol (100 nM or 1 µM) and
finally, a 10 minute combined treatment with the adenylyl cyclase activator, forskolin (10
µM) and the broad-spectrum phosphodiesterase (PDE) inhibitor, IBMX (100 µM) (Fig.
2.1C-D). We initially tested two different concentrations of isoproterenol (100 nM or 1
µM) and observed a similar trend in cAMP levels with a greater amplitude and rate in
dendrites compared to somata and therefore combined the data from these experiments.
Overall, we found that isoproterenol produced the largest amplitude cAMP transients in
intermediate (ΔRatio = 30.4 ± 2.5%, n = 21) and distal dendrites (ΔRatio = 22.8 ± 2.0%,
n = 36) that were significantly greater than in proximal dendrites (ΔRatio = 18.8 ± 1.7%,
n = 21) and somata (ΔRatio = 14.3 ± 1.3%, n = 37) (one-way ANOVA, F(3,111) = 12.62, p
< 0.0001) (Fig. 2.1E). Additionally, the average amplitude of cAMP transients in all
dendrites was significantly greater than all somatic compartments during isoproterenol
treatment (soma: ΔRatio = 14.3 ± 1.3%, n = 37 vs. total dendrites: ΔRatio = 23.8 ± 1.3%,
n = 78; t-test, p < 0.001) (Fig. 2.1E). During treatment with FSK+IBMX, cAMP amplitudes
in intermediate (ΔRatio = 58.6 ± 3.6%, n = 21) and distal dendrites (ΔRatio = 50.4 ±
3.5%, n = 36) were significantly greater than proximal dendrites (ΔRatio = 43.4 ± 2.2%, n
= 21) and somata (ΔRatio = 39.6 ± 1.7%, n = 37) (F(3,111) = 7.613, p < 0.0001), and the
average amplitude of cAMP transients in all dendrites was significantly greater than all
somatic compartments (soma: ΔRatio = 39.6 ± 1.7%, n = 37 vs. total dendrites: ΔRatio =
50.7 ± 2.1%, n = 78; t-test, p = 0.008) (Fig. 2.1E). Calculating the average on-rate of
cAMP produced with isoproterenol (expressed as a the change in fluorescence ratio,
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ΔRatio, as a function of time) revealed that intermediate (ΔRatio = 0.77 ± 0.06%/second,
n = 21) and distal dendrites (ΔRatio = 0.70 ± 0.05%/second, n = 36) were significantly
greater than somatic compartments (ΔRatio = 0.36 ± 0.03%/second, n = 37), but only
intermediate dendrites were significantly different compared to proximal dendrites
(ΔRatio = 0.52 ± 0.05%/second, n = 21) (one-way ANOVA, F(3,111) = 15.99, p < 0.0001)
(Fig. 2.1F). Overall, the average on-rate of cAMP transients in dendrites was nearly
twice the observed rate in somata (soma: ΔRatio = 0.36 ± 0.03%/second, n = 37 vs. total
dendrites: ΔRatio = 0.67 ± 0.03%/second, n = 78; t-test, ###p < 0.001) (Fig. 2.1F). The
average on-rate of cAMP during endpoint treatment with FSK+IBMX followed the same
pattern for the average on-rate with isoproterenol: intermediate (ΔRatio = 0.83 ±
0.06%/second, n = 21) and distal dendrites (ΔRatio = 0.79 ± 0.06%/second, n = 36) were
greater than proximal dendrites (ΔRatio = 0.55 ± 0.04%/second, n = 21) and somatic
compartments (ΔRatio = 0.49 ± 0.02%/second, n = 37) (one-way ANOVA, F(3,111) =
13.46, p < 0.0001) and the average on-rate of cAMP in all dendrites was significantly
faster compared to somata (soma: ΔRatio = 0.49 ± 0.02%/second, n = 37 vs. total
dendrites: ΔRatio = 0.74 ± 0.03%/second, n = 78; t-test, ###p < 0.001) (Fig. 2.1F).

2.3.2 β-AR-induced PKA activation is stronger in cell bodies than in
intermediate/distal dendrites
PKA is a major target of cAMP that plays an important role in regulating synaptic
plasticity and memory. To determine how PKA activity is dynamically regulated during βAR activation, we used Sindbis virus to express the PKA FRET sensor, AKAR3, which
contains a PKA consensus phosphorylation motif and a phospho-binding domain
sandwiched between ECFP and cpVenus (Allen and Zhang, 2006) (Fig. 2.2A). PKA
activity was monitored in CA1 neurons of young slices and the FRET ratio was
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calculated over time (YFP/CFP) during stimulation with 1 µM isoproterenol before
endpoint treatment with FSK+IBMX (Fig. 2.2B-C). With isoproterenol treatment, the
amplitude of PKA activity was significantly larger in somata (ΔRatio = 6.6 ± 0.7%, n = 23)
and proximal dendrites (ΔRatio = 6.7 ± 0.8%, n = 19) than in distal dendrites (ΔRatio =
3.9 ± 0.6%, n = 20), although it was not significantly different from intermediate (ΔRatio =
5.0 ± 0.4%, n = 40) (one-way ANOVA, F(3,98) = 3.837, p = 0.0121) or total dendrites
(ΔRatio = 5.1 ± 0.3%, n = 79; t-test, #p = 0.0491) (Fig. 2.2D). Treatment with FSK+IBMX
produced PKA activity in somata (ΔRatio = 12.2 ± 0.8%, n = 23) and proximal dendrites
(ΔRatio = 11.2 ± 1.4%, n = 19) that was nearly twice the amplitude produced by
isoproterenol treatment, and both were significantly greater than peak PKA activity in
intermediate (ΔRatio = 4.7 ± 0.5%, n = 40) and distal dendrites (ΔRatio = 4.3 ± 0.8%, n =
20) (one-way ANOVA, F(3,98) = 5.373, p < 0.0001) (Fig. 2.2D). Additionally, PKA activity in
somatic compartments was significantly greater than the average dendritic response
produced with FSK+IBMX (soma: ΔRatio = 12.2 ± 0.8%, n = 23 vs. total dendrites:
ΔRatio = 6.2 ± 0.6%, n = 79; t-test, ###p < 0.0001) (Fig. 2.2D).
During isoproterenol treatment, the apparent rates of PKA activation or
deactivation (i.e. AKAR3 dephosphorylation) were not significantly different across
neuronal compartments for either the on-rate or off-rate (Fig. 2.2E). However, stimulation
with FSK+IBMX significantly increased the on-rate of PKA activity in proximal dendrites
(ΔRatio = 0.21 ± 0.02%/second, n = 19) compared to distal dendritic segments (ΔRatio =
0.14 ± 0.01%/second, n = 20) (one-way ANOVA, F(3,98) = 4.371, p = 0.0062) (Fig. 2.2E).

2.3.3 Computational models show that an asymmetric density of
adenylyl cyclase underlies compartmental differences in cAMP
transients
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To

better

understand

the

molecular

signaling

events

producing

the

compartmental differences in cAMP concentration that we observed during live-imaging
experiments, we developed a spatial, stochastic computational model. The signaling
network and feedback loops are shown in Figure 3E. Simulated compartment sizes were
approximated from the diameter of CA1 dendrites present in our imaging experiments.
Line scan intensity distributions were calibrated to 4 µm fluorescent beads (Fig. 2.3C)
and the average of 4 line scans were placed across each dendritic compartment (Fig.
2.3B). CA1 dendrite diameter progressively decreased from somata (~15 µm, not
shown) to proximal dendrites (2.6 ± 0.1 µm), intermediate dendrites (1.4 ± 0.1 µm) and
distal dendrites (1.1 ± 0.1 µm) (Fig. 2.3A-B). Therefore, a 1.5 µm width compartment
served as a small intermediate or distal dendritic compartment and a 6.5 µm width
compartment was used to approximate a large proximal dendrite or somatic
compartment.
The resting level of cAMP was determined by a balanced, steady-state reaction
between cAMP production by adenylyl cyclase (AC) and cAMP degradation by
phosphodiesterase (modeled here with kinetics of PDE4), and thus initial simulations
used basal cAMP concentration as the constraint on the relative quantities of AC and
PDE4. Two different sets of AC/PDE4 concentrations were able to achieve a resting
level of ~100 nM cAMP in both size compartments. One approach was to keep PDE4
concentration identical in both compartment sizes. With this constraint, the density of
AC needed to be higher in the 6.5 µm compartment compared to the 1.5 µm
compartment. Specifically, to achieve a resting level of ~100 nM cAMP, AC density was
adjusted so that the 1.5 µm compartment contained 1,700 pM/m2 and the 6.5 µm
compartment contained 7,200 pM/m2 (Fig. 2.4A). The second approach was to keep AC
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density the same in both compartment sizes. With this latter approach and a high,
uniform density of AC (7,200 pM/m2) in both compartment sizes, the small compartment
required 4 fold more PDE4 (4,420 nM) compared to the large compartment (1,100 nM)
to maintain a 100 nM resting level of cAMP (Fig. 4B). Conversely, with a low, uniform
density of AC (1,700 pM/m2) in both small and large compartments, the large
compartment required 4 fold less PDE4 (250 nM) compared to the small compartment
(1,100 nM) to achieve stable baseline cAMP levels (Fig. 2.4C). It is apparent that basal
cAMP levels are controlled by the ratio between production and degradation pathways.
Because AC is a “surface” (membrane) molecule regulating cAMP production and PDE4
is a “volume” (cytosolic) molecule regulating degradation, this ratio implies that basal
cAMP is proportional to the AC:PDE4 ratio. Thus, if AC is uniformly distributed between
both compartments, PDE4 needs to be reduced in large compartment to maintain the
same AC:PDE4 ratio.
When the models with the uniform PDE4 concentration were stimulated with 1
µM isoproterenol, the rate and amplitude of cAMP transients were greater in the small
compartment compared to the large compartment (Fig. 2.4A) suggesting that an
asymmetric distribution of AC density may underlie our observed experimental result
(Fig. 2.1). In contrast, Figures 2.4B and 2.4C show that when AC density was the same
in both compartment sizes, stimulated cAMP transients were similar in both
compartments and did not reproduce the experimental observations of larger cAMP
transient in the small dendrites. Because the conditions used in Fig. 2.4A produced
cAMP transients that resembled the pattern we observed in imaging experiments, we
concluded that a uniform distribution of PDE4 and an asymmetric distribution of adenylyl
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cyclase may be representative of how cAMP signaling is coordinated in vivo and these
conditions were used to explore the mechanisms regulating PKA dynamics.

2.3.4 Computational models show that increased phosphatase
concentrations can limit the normalized change in phosphorylated
PKA substrates
Protein kinase-A (PKA) is one of the major effectors regulated by cAMP; thus a
greater cAMP signal is predicted to produce a larger PKA signal. Because our live
imaging experiments revealed a larger PKA signal in dendritic regions with smaller
cAMP signals, we used computational modeling to evaluate several mechanisms that
might account for these results. When active, PKA releases diffusible catalytic subunits
(PKAc) that interact with and phosphorylate substrate proteins that carry the consensus
phosphorylation sequence specific for PKA. Protein phosphatases, such as PP1, PP2A
or PP2B/calcineurin dephosphorylate substrates phosphorylated by PKA, which serves
to maintain steady-state levels of phosphorylated substrates and reset the signaling
pathway after receiving a stimulus. We hypothesized three potential molecular
mechanisms that may account for our observed measures of greater PKA activity in
large neuronal compartments compared to small compartments: 1. small dendritic
compartments have a lower concentration of PKA, 2. small dendritic compartments have
a higher concentration of phosphatases that dephosphorylate the AKAR sensor, or 3.
small compartments have a greater concentration of substrate proteins which compete
with AKAR for PKAc.

We evaluated PKA activity using two measures: 1. “PKAc

released” represents all PKAc subunits that are released from PKA regulatory subunits
(PKAreg). This measure does not take into account phosphatase activity, but varies with
the amount of substrate proteins. 2.

Because the AKAR sensor has not been
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biochemically characterized, we evaluated the phosphorylation of PDE4 to represent
PKA activity. This measure is sensitive to both phosphatase activity and the amount of
competing substrate proteins.
Using our conditions determined by modeling cAMP signaling, which included a
uniform distribution of PDE4 and an asymmetric distribution of adenylyl cyclase (Fig.
2.4A; Section 3.3), we evaluated whether PKA activity would be greater in the large
compartment, as observed experimentally. When PKA enzyme concentration, PKA
substrate concentration and phosphatase concentration were the same in both the small
and large compartment, the model showed that activation of the GPCR produced a
greater concentration of PKAc released (Fig. 2.4D) and phosphorylated PDE4 (Fig.
2.4E-F) in small compartments compared to large compartments, similar to the
difference observed with the cAMP response (Fig. 2.4A). These simulations did not
match the experimental results, suggesting that other signaling molecules or parameters
contributed to the observations.
We then tested which of the three mechanisms suggested above (i.e., different
concentrations of PKA, of phosphatases, or of competing endogenous substrates) could
account for the experimental results. First, we increased the concentration of PKA in the
large compartment by three times and found the resting fraction of phosphoPDE4 was
greater in the large compartment than in the small compartment (Fig. 2.4E, pink trace).
However, since live imaging experiments measured PKA activity as the ratio of
stimulated to basal AKAR fluorescence, we expressed PKA activity in the model as the
normalized ratio of stimulated phosphoPDE4 to basal phosphoPDE4. Using the
normalized phosphorylation status of uniformly distributed PDE4, our model showed that
increasing the amount of PKA in large compartments did not increase phosphorylation of
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PDE4 (Fig. 2.4F, pink trace). Together these findings suggested that the concentration
of PKA cannot account for the greater apparent PKA activity observed in somata as
compared to dendrites.
Next, to evaluate the role of phospho-substrate competition or dephosphorylation
via phosphatase activity, we added additional components to the model. These
components included: an additional PKA substrate, molecule X, which served as an
unidentified PKA substrate that competes with PDE4; dephosphorylation of PDE4 by
protein phosphatase 1 (PP1); and inhibitor-1 (I-1) which binds to and inhibits PP1 when
phosphorylated by PKA to establish a positive-feedback mechanism that prolongs the
PKA-dependent phosphorylation of substrates (Fig. 2.3F). We used affinities of PKA and
PP1 for molecule X that were similar to those for PDE4.
The quantity of PP1 and molecule X were varied to investigate whether a higher
phosphatase activity in the dendrites or greater competition of substrates for PKA could
explain the experimental results. Fig 5A shows that incorporating PP1, I-1, and X into
our computational model did not change the cAMP responses significantly: the cAMP
transient remained greater in the small compartment than in the large compartment. The
addition of PP1, I-1 and X produced an increase in the total amount of PKAc released
(Fig. 2.5B) relative to simulations without PP1, I-1 and X (Fig. 2.4D), but PKA activity
remained greater in the small compartment compared to large compartment.
Interestingly, simulations with 5 times more X showed a dramatic increase in the level of
PKAc released (Fig. 2.5B; red traces) which is likely due to excess substrate X
interacting with and delaying PKAc subunits from reuniting with PKAreg subunits to form
the inactive PKA holoenzyme. Nonetheless, the greater quantity of molecule X did not
lower the phosphorylation of PDE4 relative to baseline for either quantity of PP1,
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because molecule X equally affected both the basal and transient phosphorylation level.
In contrast, if the amount of PP1 was increased from 1.5 to 3.5 µM in small
compartments, the amount of pPDE4 was reduced (Fig. 2.5C). This result was observed
for both high and low levels of molecule X. In summary, our simulation results suggest
that protein phosphatase levels, and not PKA quantity or competition from other
phosphoproteins, may differentially affect PKA signaling in small compartments and may
explain the compartmental differences in PKA activity observed in our imaging
experiments.

2.4 Discussion
Here, we used live fluorescent imaging and computational modeling to investigate
the molecular constraints shaping the compartmental dynamics of cAMP and PKA
activity in hippocampal neurons. Our imaging experiments show that global stimulation
of β-adrenergic receptors produced cAMP transients with a greater amplitude and faster
on-rate in small dendrites compared to large compartments like somata. However, the
same stimulation protocol produced greater PKA activity in large compartments
compared to small dendrites. Computational modeling was used to investigate the
mechanisms producing these spatial gradients.

Simulations of cAMP found that as

neuronal structures increase in size, the density of rate-limiting components such as
adenylyl cyclase must also increase, scaling in a manner similar to cable theory (Zador
and Koch, 1994). If AC density was uniformly distributed in our small and large
compartmental model, we suspect that an asymmetric distribution of β-ARs could be an
alternative mechanism to normalize resting cAMP levels and reproduce larger stimulated
cAMP transients in the small compartment compared to the large compartment.
Although β-ARs are clustered in CA1 somata, dendrites and Schaffer collateral
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synapses (Davare et al., 2001; Joiner et al., 2010), it is unclear if the receptors are
enriched in dendrites relative to somata. However, the total amount of adenylyl cyclase
appears to be enriched in stratum pyramidale of area CA1 (Mons et al., 1995) which
supports our model’s prediction that AC density increases with compartment size. Our
computational model also relied on a uniform distribution of PDEs between small and
large compartments to shape degradation of cAMP transients after GPCR activation.
Interestingly, our experimental imaging results show that the off-rate of cAMP transients
did not differ between somatic or dendritic compartments (Fig 2.1F), suggesting that
PDE activity may be uniformly distributed as predicted in our simulation. Prior models
have also found that dendritic spines can decrease axial diffusion of small molecules (Li
et al., 2015; Mohapatra et al., 2016; Santamaria et al., 2006) and may serve as another
alternative mechanism to produce spatial gradients of cAMP. However, our observed
spatial gradients in cAMP and PKA signaling were produced by global stimulation of
cAMP signaling. Therefore, we did not explore axial diffusion or the effect of spines in
our model.
In the absence of protein phosphatases, our computational simulations found, as
expected, that PKA activity was proportional to the size of the cAMP transient in a
particular dendritic segment (i.e., a large cAMP transient produced a large amplitude
PKA response). However when PP1 was included in the model, an increase in PP1
could reduce PKA activity as measured by phosphoprotein levels, more so for stimulated
compared to basal levels. Although protein phosphatases are known to interact with AKinase Anchoring Proteins (AKAPs) (Skroblin et al., 2010), thereby positioning
bidirectional regulatory mechanisms (i.e., kinases and phosphatases) in close spatial
proximity, it is currently unknown if protein phosphatases are enriched in small dendritic
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compartments compared to large compartments. An important future direction would be
to asses spatial distributions of protein phosphatases and if activity of any particular
phosphatase dominates following activation of β-adrenergic signaling.
Our experimental results from brain slices and computational simulations agree
with previous studies from cultured neurons that showed activation of β-ARs produced
greater cAMP levels in smaller diameter processes (Kim et al., 2011; S. R. Neves et al.,
2008). Because cultured neurons develop a dissociated network of synaptic connections
and typically have few astrocytes, our results suggest that the observed spatial gradients
are cell-autonomous and are not influenced by intercellular signaling following activation
of β-ARs on hippocampal astrocytes or CA3 neurons. Similar to prior studies, we find
that surface to volume ratio is important. Indeed, basal cAMP is controlled by surface to
volume ratio because basal cAMP depends on the balance between production and
degradation mechanisms. Since AC is a membrane-bound “surface” molecule and PDE4
is a cytosolic “volume” molecule, this ratio implies that basal cAMP is proportional to the
AC:PDE4 ratio. Despite having the same AC:PDE4 ratio and basal cAMP for all models
(Fig. 2.4 and 2.5), we find that the transient response still differs depending on the AC
quantity. Specifically, simulations revealed that a uniform AC:PDE4 ratio across different
compartment sizes normalizes basal cAMP levels and reproduces our experimentally
observed spatial gradient in cAMP transients.
The shape of a cAMP transient is caused by inactivation mechanisms that follow
the activation phase. These inactivation mechanisms include inactivation of β-AR and
enhancement of PDE4 activity by PKA phosphorylation (Fig. 2.3E-F). The latter forms a
negative feedback loop controlling cAMP; thus the amplitude of the observed cAMP
transient is dependent on the rate of cAMP production as well as the onset and rate of
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inactivation mechanisms (Novák and Tyson, 2008; Yang and Ferrell, 2013). This
suggests that the observed bias toward a greater cAMP transient in the small
compartment results from generating cAMP at a rate that greatly exceeds inactivation
mechanisms. In contrast, the large compartment exhibits a gradual rise in cAMP, which
cannot escape inactivation mechanisms (Fig. 2.6). Our model also suggests that
activated pPDE4 can compensate for changes in upstream signaling dynamics (Fig.
2.4E) and surprisingly, a compensatory increase in pPDE4 activity was observed in
transgenic mice that expressed a conditionally active Gαs* subunit (Kelly et al., 2007).
Similarly, the greater PKA activity observed in large compartments would enhance
inactivation mechanisms relative to the rate of cAMP production to attenuate cAMP
transients relative to small compartments (Fig. 2.6).
Overall, our findings help clarify how signaling dynamics may operate during
induction of hippocampal LTP. Previous studies have shown that isoproterenol treatment
alone does not alter synaptic plasticity, but long-lasting LTP can be produced when
isoproterenol is paired with weak stimulation of Schaffer collateral synapses (O’Dell et
al., 2015). However, bath application of forskolin without synaptic stimulation can
produce a form of long-lasting synaptic facilitation that requires cAMP, PKA activity and
PKA anchoring to AKAPs (Chavez-Noriega and Stevens, 1992; Kim et al., 2011; Woo et
al., 2002). Our imaging results show that isoproterenol produces a transient response in
cAMP and PKA activity, whereas stimulation with forskolin + IBMX produces a
sustained, large-amplitude response, suggesting that the cAMP/PKA activity observed
with isoproterenol treatment is subthreshold for LTP. Although it is unclear whether the
threshold for cAMP/PKA-dependent LTP relies on the amplitude, duration or total
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amount of activity, future experiments may be able to explore this question by combining
fluorescent biosensor imaging with electrophysiological recordings.
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CHAPTER 2 FIGURE LEGENDS
Figure 2.1. Cyclic-AMP transients in CA1 neurons have a greater rate and
amplitude in dendrites compared to somata during β-adrenergic receptor
activation. (A) Cartoon of how EPAC-SH150 reports cAMP levels by decreasing the FRET
response between a CFP and YFP fluorescent protein. (B) Classification of neuronal
compartments by distance from soma. (C) Representative example of cAMP responses
in CA1 neurons of brain slices. (D-F) Combined data from experiments using 100 nM or
1 µM isoproterenol. (D) Timecourse, (E) peak amplitudes during isoproterenol (F(3,111) =
12.62, p < 0.0001), (###p < 0.001) or FSK + IBMX application (F(3,111) = 7.613, p <
0.0001), (###p = 0.008), and (F) average rate of cAMP dynamics during isoproterenol
(F(3,111) = 15.99, p < 0.0001), (###p < 0.001) or FSK + IBMX application (F(3,111) = 13.46, p
< 0.0001), (###p < 0.001). Data are mean ± SEM. Soma vs dendritic compartments
were analyzed by one-way ANOVA with Tukey’s Test (*p < 0.05, **p < 0.01, ***p <
0.001). Soma vs total dendrites were analyzed by unpaired, two-tailed t-test with p-value
as indicated. Scale bars are 40 µm.

Figure 2.2. PKA activity in CA1 neurons is greater in somata and proximal
dendrites during β-adrenergic receptor activation. (A) Left: Cartoon of how AKAR3
functions as a substrate and reporter of PKA activity. Right: Representative example of
PKA activity in CA1 neurons of brain slices. (B, C and D) (B) Average timecourse, (C)
average peak amplitude of PKA activity during application of 1 µM isoproterenol (F(3,98) =
4.335, p = 0.0065) ), (#p = 0.0491) or FSK + IBMX (F(3,98) = 21.27, p < 0.0001), (###p <
0.0001) and (D) average rates of PKA activity during application of 1 µM isoproterenol or
FSK + IBMX (F(3,98) = 4.371, p = 0.0062). Data are mean ± SEM. Neuronal compartments
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were analyzed by one-way ANOVA and Tukey’s Test (*p < 0.05, **p < 0.01, ***p <
0.001). Soma vs total dendrites were analyzed by unpaired, two-tailed t-test with p-value
as indicated. Image scale bars are 40 µm.
Figure 2.3. Spatial compartmental model of CA1 neuronal compartments. (A)
Compartment diameter of proximal dendrites (2.6 ± 0.1 µm), intermediate dendrites (1.4
± 0.1 µm) and distal dendrites (1.1 ± 0.1 µm) on CA1 neurons. Values are mean ±
standard error of dendrites measured from three slices. (B) Four line scans were taken
across the same regions used for measuring cAMP transients to calculate the average
diameter at that region. White scale bar is 40 µm. (C) Line scans intensity plots were
calibrated to 4 µm fluorescent beads and the full-width of the intensity plot was
calculated at 35% of the max was used to for dendrite measurements. Other measures
along the intensity plot are full-width half-max (FWHM), 40% max (FW0.4M), 35%
(FW0.35M), 30% (FW0.3M) and full-width tenth max (FWTM). Green scale bar is 8 µm.
(D) Compartment dimensions used in computational simulations. (E-F) Major
components of the signaling pathway used to simulate cAMP transients and PKA activity
without (E), and with (F) the addition of protein phosphatases and molecule X. Feedback
loop 1 is in blue, feedback loop 2 is in red and the green arrow is common to both
pathways.

Figure 2.4. Computational modeling determines compartment size and adenylyl
cyclase density shape cAMP dynamics. (A) Simulations of a small (1.5 µm) and large
(6.5 µm) dendritic compartment with a uniform concentration of PDE4 (1,100 nM) in both
compartments and an asymmetric density of adenylyl cyclase (small=1,700 pmol/m 2;
large= 7,200 pmol/m2) produced compartmental differences in cAMP transients that
resembled cAMP dynamics measured in live-imaging experiments. (B) A “high” uniform
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density of AC (7,200 pmol/m2) requires a greater concentration of PDE4 in the small
compartment (4,420 nM) compared to large compartment (1,100 nM) to maintain basal
cAMP levels. Induced cAMP transients are similar in both compartments. (C) A “low”
uniform density of AC (1,700 pmol/m2) requires a lower concentration of PDE4 in the
large compartment (250 nM) compared to the small compartment (1,100 nM) to maintain
basal cAMP levels. Induced cAMP transients are similar in both compartments. (D-F)
Simulations using the conditions for AC and PDE4 Fig. 3A. (D) cAMP-activated PKA is
greater in the small compartment compared to the large compartment. “PKAc released”
is the total PKA catalytic subunits released from PKA regulatory subunits whether
interacting with a phospho-substrate or freely diffusing. (E and F) Phosphorylation status
of PDE4 as a fraction of total pPDE4 (panel E) or normalized fraction (panel F). The
small compartment has more initial and stimulated pPDE4 compared to large
compartments and thus the relative increase in PKA activity did not resemble PKA
activity measured in live-imaging experiments. Increasing the concentration of PKA
subunits increased the basal fraction of pPDE4 (panel E), but reduced the peak
fractional change (panel F).

Figure 2.5. Computational modeling determines that protein phosphatase 1 is a
potential mechanism suppressing PKA activity in small dendritic compartments
and excess PKA substrate does not affect PKA signaling dynamics. (A-C) The
computational model defined in Fig. 3A was modified to include different concentrations
of protein phosphatase 1 (PP1) and various concentrations of PKA substrate (molecule
“X”). (A) cAMP transients were not affected by different concentrations of PP1 or X. (B)
PKAc Released increases with greater concentrations of X but were unaffected by
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greater PP1. (C) The normalized phosphorylation status of PDE4 was not affected by
different concentrations of X, but was reduced with greater concentrations of PP1.

Figure 2.6. Summary of compartmental differences influencing cAMP and PKA
dynamics. (Left graphs) Interactions between “activation mechanisms” (ACs) and
“inactivation mechanisms” (include PDEs and PPs) shape compartmental differences in
cAMP and PKA signaling dynamics. (Right panels) Illustrations showing that AC density
increases with compartment size and PDE concentrations are relatively the same in both
small and large compartments. Phosphatase enrichment in small compartments may be
a mechanism limiting bulk PKA activity in small dendritic compartments.
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CHAPTER 3: The role of HCN4 subunits in anxiety-related
behavior and memory
Abstract
The hippocampus is an integral brain region implicated in storage of long-term
declarative memory and in affective disorders like depression, anxiety and bipolar
disorder. Disruption of HCN-mediated current by deletion of HCN1, HCN2 or the HCN
accessory subunit TRIP8b leads to anxiolytic and antidepressant-like behaviors and in
some cases enhanced hippocampus-dependent spatial memory. To further understand
how HCN channels affect hippocampus-dependent behaviors, we developed a
recombinant adeno-associated viral shRNA system to knockdown expression of HCN4
subunits in the dorsal hippocampus. We find that reduction of HCN4 subunits did not
alter anxiety-like behaviors but we do note a consistent trend toward increased anxiety
that may warrant further exploration. Additionally, reduction of HCN4 did not affect
object-location memory, but significantly enhanced long-term contextual fear
conditioning. Our results suggest that HCN4 subunits regulate h-current during aversive
tasks, but may not broadly alter hippocampal function.
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3.1 Introduction

In the hippocampus, long-term memory and synaptic plasticity are thought to
occur through pathway-specific changes in synaptic connectivity. To interpret synaptic
activity as neuronal output, hippocampal neurons use an assortment of voltage-gated
ion channels to spatially and temporally coordinate postsynaptic potentials.
Hyperpolarization-activated and cyclic nucleotide-gated (HCN) channels are nonuniformly distributed in CA1 neurons with enriched densities in the stratum lacunosummoleculare and at voltages near the resting membrane potential, HCN channels are
constitutively open. Therefore, HCN channels contribute to the resting membrane
potential, input resistance and membrane time constant (Ludwig et al., 2003a; Matt et
al., 2011; Nolan et al., 2004, 2003). Similarly, disruption of HCN currents by Cs+ or
ZD7288 leads to a hyperpolarized resting membrane potential, a prolonged membrane
time constant and increased input resistance that together acts to facilitate temporal
summation and dendritic integration of postsynaptic potentials (Magee, 2000). HCN
channels belong to the superfamily of pore-loop cation channels formed through homoor heterotetrameric assembly of homologous HCN subunits (HCN1-4). HCN channels
predominantly carry an inward Na+ current under physiological conditions (Pape, 1996;
Yu et al., 2005). All four HCN subunits carry a conserved cyclic-nucleotide binding
domain (CNBD) that facilitates channel activation at more positive potentials in the
presence of cAMP.
HCN1 is highly expressed in the hippocampus and previous studies have
explored HCN1 as a potential regulator coordinating postsynaptic potentials and general
regulator of hippocampal activity. Loss or reduction of HCN1 enhanced LTP at perforant
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path synapses and increased CA1 excitability. Behaviorally, these effects translated into
enhanced spatial memory in the Morris water maze, decreased anxiety and increased
resistance to tasks of behavioral despair (Kim et al., 2012; Nolan et al., 2004). Although
increased hippocampal excitability is correlated with anxiolytic- and antidepressant-like
behaviors, common anti-anxiety medications like benzodiazepine should decrease
hippocampal activity by facilitating the inhibitory actions of gamma-aminobutyric acid
(GABA) receptors and therefore suggests an unexplained connection between
hippocampal activity and hippocampus-dependent behaviors.
To further investigate how HCN channels contribute to anxiety-like behaviors and
long-term memory in the hippocampus, we focused our attention on understanding the
behavioral effects of HCN4 subunits. The intrinsic properties of each HCN subunit are
unique, and HCN4 subunits are characterized as having the slowest activation time
constant, a very negative half-maximal activation voltage (-80 to -100 mV) and the
strongest modulation by cAMP (+10-25mV shift in half-maximal activation voltage)
(Altomare et al., 2003; Baruscotti et al., 2005; Stieber et al., 2005). Because HCN4 is
expressed at lower levels compared to other HCN subuints (Ludwig et al., 2003b) and
yet possess rather extreme intrinsic properties, we hypothesized that HCN4 subunits
may still have an essential effect on hippocampus-dependent behaviors by buffering the
properties of hetero-tetrameric HCN channels composed of HCN1 or HCN2 subunits. To
test our hypothesis, we developed a recombinant adeno-associated virus (AAV)
containing an shRNA system to knockdown expression of HCN4 subunits (shHCN4) in
the adult dorsal hippocampus of mice. Although we do not find that reduction of HCN4
subunits affects anxiety-like behavior, we do note a consistent but insignificant trend
toward increased anxiety. Surprisingly, reduction of HCN4 subunits enhanced long-term
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contextual fear memory but did not affect object-location memory. Together, these
results suggest that loss of HCN4 subunits enhances aversive memory but does not
alter anxiety or spatial memory motivated by novel exploration.

3.2 Materials and methods
Animals
Male C57Bl/6J mice (8-10 weeks old; Jackson Labs) were used for injection of
AAV viral particles. Mice were group housed with ad libitum food and water and a 12
hour light/dark cycle (light from 7am to 7pm). All procedures were carried out in
accordance with protocols that were approved by the University of Pennsylvania
Institutional Animal Care and Use Committee (IACUC). All surgeries, behavioral testing
and tissue collection were performed during the light phase.
Generation of recombinant adeno-associated virus (rAAV)
To generate rAAVs containing shRNA sequences directed against HCN4
subunits (referred to as shHCN4), a recombinant AAV plasmid (Penn Vector Core)
containing the CaMKIIα promoter and EGFP coding region were used as starting
material. The shHCN4 expression cassette was amplified by PCR inserted between the
left-ITR and the CaMKII.EGFP domain via standard PCR amplification, digestion and
ligation methods. Following sequence confirmation, HEK293 cells were triple transfected
with shHCN4 plasmid and AAV helper plasmids (pRC, encoding AAV9 capsid proteins;
pXX6-80 encoding adenovial E2A, E4 and VA proteins for DNA packaging) (Girod et al.,
1999; Xiao et al., 1998). After 24 hours, cells were harvested, lysed and rAAV particles
were purified using an iodixanol gradient and ultracentrifugation. Syringe extraction of
the lower part of the 40:60% interface helped avoid collecting empty particles. Virus was
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concentrated and solution was exchanged for PBS by centrifugation in Amicon
centrifugal filter units (Ultracel-100k, 15 mL). Final suspensions were aliquoted and
stored at -80 °C. Titer determination was performed using qPCR. The final construct
used were AAV2/9.U6.shHCN4::CaMKII.EGFP (shHCN4 virus) and
AAV2/9.CaMKII.EGFP (EGFP virus).
Stereotactic injection of rAAVs
Stereotactic surgeries were performed as described previously (Havekes et al.,
2016), but briefly, animals were anesthetized with isoflurane and prepared for surgery.
An incision was made along the midline to expose bregma and labda cranial sutures.
Bilateral coordinates were marked and drilled at A/P -1.9 mm, M/L +/- 1.5 mm from
bregma. A nanofil 10 µl syringe with 33G beveled needle (WPI) was prepared with virus
(~ 1 x 107 particles per µl) and placed in a microsyringe pump and controller (UMP3 and
Micro4; WPI). The syringe and needle was slowly lowered into the target site to a depth
of -1.5 mm from the dura mater. After one minute, the syringe was raised to -1.4 from
the dura and the micropump injected 1 µl of virus at a rate of 0.2 µl per minute and then
given an additional minute for diffusion. The syringe was raised to -1.3 mm for one
minute before removal from the injection site. The same procedure was repeated for the
opposite hemisphere. During and following surgery, mice were treated with systemic
meloxicam (1 mg/kg) and buprenorphine (0.05 mg/kg) analgesics and local antibiotic
ointment. Mice were placed under a heat lamp until recovered and mobile (~5-10
minutes). Mouse weight was monitored for at least 4 days after surgery.
Tissue dissection and storage
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At 3 to 10 weeks post injection (w.p.i.) of shHCN4 or EGFP virus, mice were
sacrificed by cervical dislocation, decapitated and brains were rapidly dissected and
placed in ice cold PBS. The hippocampus was removed, and bissected into dorsal and
ventral regions, individually placed in 1.5 mL tubes, frozen in liquid nitrogen and stored
at -80 °C.
Protein preparation and western blot
For protein analysis, tissue was homogenized with a Tissue Ruptor (Qiagen) in
0.5 mL lysis buffer (150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1 mM DTT, 1x protease
inhibitor, 50 mM NaF, 0.1 mM NaVO3, 20 mM HEPES, pH 7.4). An additional 0.5 mL of
buffer was added and the solution was adjusted to 1% IGEPAL (CA-630; Sigma) and
rocked at 4 °C for 45 min. After, samples were centrifuged (20 min/21,000 g/4 °C) and
the supernatant was transferred to a new tube. Unused protein was stored at -80 °C.
Protein concentration was determined using a Bio-Rad Bradford assay and microplate
reader and then normalized to 1 mg/mL with additional lysis buffer. Normalized samples
were denatured with LDS sample buffer (Nupage, Invitrogen) with 2-mercaptoethanol
and separated by SDS-PAGE using Criterion TGX 18-well 4-20% gels. Importantly,
boiling significantly altered HCN subunit detection and therefore was omitted when
quantifying HCN levels. The following primary antibodies were used for western blot
analysis, β-tubulin (1:5000; Sigma T4026), GFP (1:8000, Abcam ab290), GFAP (1:1000,
Millipore MAB3402), HNC1 (1:50, custom from E. Kremmer), HCN2 (HCN2αE3, 1:4000,
custom from A. Mataruga), HCN4 (PG2-1A4, 1:10, custom from E. Kremmer).
RNA isolation and cDNA preparation
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For confirmation of knockdown at the mRNA level, tissue was transferred into
700 µl Qiazol Lysis Reagent (Qiagen) in a 2 mL tube with a stainless steel bead
(Qiagen) for lysis using the TissueLyser II (Qiagen). Samples were transferred to Phase
Lock Gel tubes (5 prime) with 140 µl chloroform, mixed, and incubated on ice for 2
minutes before centrifugation (15 min/12,000 g /4 °C). The aqueous layer was
transferred and mixed with 525 µl EtOH (abs.). Samples were transferred to spin
columns from the RNeasy Mini Kit (Qiagen) and RNA was prepared according to the
supplier’s protocol. RNA was eluted in 50 µl RNase-free water, frozen in liquid nitrogen
and stored at -80 °C. cDNA was synthesized using the RETROscript kit (Ambion).
Reverse transcription was performed at 44 °C for 1.5 hours and subsequently, the
enzyme was inactivated for 10 min at 95 °C. cDNA was aliquoted and stored at -80 °C.
qPCR
Primer pairs were designed to amplify standard fragments of 80-300 bp. Primer
specific was confirmed by BLAST analysis. Primer sequences are shown in table 3.1.
Real-time qPCR was performed on a LightCycler 1.5 (Roche) using the QuantiTect
SYBR Green PCR kit (Qiagen). Reactions were performed in LightCycler Capillaries
(Roche) in a total volume of 20 µl containing QuantiTect SYBR Green PCR Master Mix
(1x) and 300 nM of each primer. Samples were normalized to three housekeeping genes
(Gapdh, Connexin 40, Connexin 30.2) and relative quantification was calculated using a
ΔΔCt method. Relative gene expression is plotted as the fold change in mean values for
biological replicates.
Immunofluorescence
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Immunohistochemistry was conducted as previous described (Havekes et al.,
2012), but briefly, animals were transcardially perfused with ice cold phosphate buffered
saline (PBS) before exchange and perfusion with PBS + 4% paraformaldehyde (PFA).
Brains were dissected and post-fixed in PFA for 24 hours before dehydration in PBS +
30% sucrose. Brains were then frozen and 30 µm cryosections were collected in PBS.
Sections were blocked with 5% normal serum from donkey and goat. Antibodies for
target proteins were added with 0.1% Triton X-100 + 2% normal serum from the antibody
host species (blocking buffer; BB). Primary antibodies were incubated for 2-4 days,
washed three times in PBS + 0.1% Triton and then incubated with secondary antibody +
BB for 1 hour before washing and mounting. Confonfocal images were collected on a
Leica SP8 confocal microscope. Primary antibodies used for immunofluorescence were
the same described for western blot analysis.
Zero Maze
The elevated zero maze was conducted following the procedure described in
(Tretter et al., 2009). Briefly, naïve mice were exposed to an elevated circular plastic
track with two open and two closed sections (walls only, no top covering) arranged into
four quadrants. Mice were initially placed in the center of a closed section and permitted
to freely explore the maze for 5 minutes in the absence of the experimenter. Video
recordings were analyzed by an automated Matlab scoring software (Patel et al., 2014)
that scored time spent in each open and closed quadrant, the number of transitions from
open to closed sections and the total path length traveled (ambulation). Groups were
compared using an unpaired two-tailed Student’s t-test.
Open field
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After habituation by gentle handling for 3 consecutive days, animals were
exposed to an open field arena (30.5 cm x 38.5 cm) for 6 minutes and recorded by
digital video. Videos were scored by open-source Matlab phenotyping software (Patel et
al., 2014). Briefly, the software segments the floor of the arena into two sections by
drawing a 5 cm wide area around the periphery of the arena. Animal position in each
zone changed when all four paws enter a new zone. The duration of the animal’s
exploration is scored for the center and peripheral zones and compared using unpaired
two-tailed Student’s t-test.
Spatial object memory
Spatial object memory was conducted as described previously (Oliveira et al.,
2010). Animals were pair-housed and handled for 3 consecutive days for 2 minutes each
day before training. Animals were placed in the same arena used for open field for a
single 6 minute session without objects and this first exposure counted as a habituation
session. The animals were then placed back in their home cage for 3 minutes, during
which, the arena was then lightly cleaned with ethanol, an orientation cue was added to
the wall and three unique objects (a glass lab bottle, a square metal pillar, and a plastic
PVC column) were added to the arena in an “L” shaped pattern. The animals were
returned to the arena for 6 minutes with objects. In total, animals were given 3 training
sessions (6 minutes each) with a 3 minute inter-session interval. Objects stayed in the
same orientation during training and the arena was lightly cleaned with ethanol in each
inter-session interval. Twenty-four hours after training, animals were tested in the same
arena as training with a single 6 minute exposure to the same objects. The only
difference is that one object at the corner of the “L” orientation was diagonally moved to
the opposite side of the arena to invert the “L” orientation. Exploration was scored as the
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duration of sniffing/nose-poking in seconds for two categories, the displaced object or
the average of the non-displaced objects and calculating the difference (testing – training
= delta value). The mean delta for each group shows the following, positive values
indicates increased exploration in the test session and detection of novelty; whereas,
negative values indicates decreased exploration in the test session and likely indicates
recognition from training sessions. Groups were compared using unpaired two-tailed
Student’s t-test.
Contextual fear conditioning and fear extinction
Animals were single housed for one week prior to training and were handled for 2
minutes each day for 3 days before training. On training days, animals were exposed to
a novel fear conditioning chamber (Med Associates Inc.) and are allowed to freely
explore for 148 seconds before receiving an electric foot shock (1.5 mA) for 2 seconds
followed by 30 seconds of continued exploration. Animals were then removed and
placed in home cages. Twenty-four hours after training, animals were returned to the
shock chamber and allowed to explore for 5 minutes. Behavior was recorded for training
and testing and freezing behavior was used as a proxy for recognition of the conditioning
context. Groups were compared using unpaired two-tailed Student’s t-test.

3.3 Results
3.3.1 Recombinant AAVs encoding shRNA specifically knockdown
HCN4 subunits in vivo

To investigate the role of hippocampal HCN4 subunits in anxiety-related behavior
and long-term hippocampus-dependent memory, we utilized recombinant adeno69

associated viruses (rAAVs) and RNA interference (RNAi) to knockdown HCN4 subunit
expression in mature, terminally differentiated neurons in vivo. Our rAAV (referred to as
shHCN4) was designed to encode the human U6 promoter (an RNA polymerase III
promoter commonly used for RNAi strategies) in front of a short-hairpin RNA (shRNA)
fragment that will produce short-interfering RNA molecules (siRNA) directed against the
C-terminal tail of HCN4 subunits (referred to as shHCN4) (figure 3.1A and B). As a
marker of successful viral transduction and to label excitatory neurons, shHCN4 virus
also contained a separate gene that expressed enhanced green fluorescent protein
(EGFP) under control of the excitatory neuron-specific promoter for calcium-calmodulin
dependent kinase IIα (CaMKIIα) (figure 3.1A and C). After confirming specificity of
knockdown in vitro (data not shown), we tested specificity and efficiency of our virus in
vivo. One group of animals received unilateral injections of our shHCN4 virus with a
sham injection of PBS into the contralateral hemisphere. Another group of animals
received a unilateral injection of EGFP virus with a sham injection of PBS into the
contralateral hemisphere. Western blot analysis shows that HCN4 subunits appear to be
slightly reduced in shHCN4 tissue compared to tissue injected with EGFP virus or PBS
without any apparent change in the β-tubulin standard (figure 3.2A). Using qPCR from
dorsal hippocampal tissue, HCN4 mRNA was significantly reduced compared to EGFP
controls and there was no corresponding change in HCN1 or HCN2 expression
(Student’s t-test, *p<0.0005. EGFP: n=4; shHCN4: n=8) (figure 3.2B). Finally, confocal
microscopy images of immunofluorescence staining in unilaterally injected shHCN4
hemispheres appears to show a qualitative reduction of HCN4 staining that correlates
with expression of the EGFP transduction marker that is mostly restricted to the dorsal
hippocampus (figure 3.1C). Importantly, the corresponding contralateral hemisphere
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injected with PBS appeared to show a higher density of HCN4 staining (figure 3.2C).
Together, these biochemical results suggest that our shHCN4 virus significantly and
specifically reduces HCN4 mRNA and protein without generating compensatory changes
in other HCN subunits or altering hippocampal morphology.

3.3.2 Reduction of HCN4 subunits in the dorsal hippocampus does
not alter anxiety-related behavior

Previous studies have shown that manipulations of HCN1 and the HCN
accessory protein TRIP8b have led to anxiolytic and antidepressant-like phenotype (Kim
et al., 2012; Lewis et al., 2011). Therefore, we began our battery of behavioral tasks with
the elevated zero-maze because this task can be conducted with naïve animals that
have not been habituated to the experimenter. In this task, animals are placed on an
elevated circular track that contains two opposite open and enclosed quadrants and are
permitted to freely explore for a five minutes. The elevated zero-maze is considered to
be an improvement over the standard elevated plus-maze by removing ambiguity
associated with exploration of the central square. Importantly, both the elevated zeromaze and elevated plus-maze show that benzodiazepine anxiolytics routinely increase
exploration of open areas and is therefore thought to be an appropriate task for
assessing anxiety in animal models (Bickerdike et al., 1994; Hogg, 1996; Kim et al.,
2012; Liu et al., 2010; Shepherd et al., 1994). In our study, shHCN4 and EGFP
expressing animals did not show a significant difference in amount of time spent in the
open arms of the elevated zero-maze (figure 3.3B; *p = 0.258) or in the number of
transitions from opened to closed sections (figure 3.3C; **p = 0.202).
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Although our elevated zero-maze experiment did not reveal a significant
difference between our groups, there appeared to be a trend where shHCN4 animals
showed more anxiety and perhaps the increased variation in our EGFP group masked
the significant difference. We therefore decided to perform the open field task which
provides another measure of anxiety-related behavior (Patel et al., 2014; Prut and
Belzung, 2003). In this task, animals were handled for three consecutive days prior to
exposure of a novel open field arena. Animals were permitted to explore the arena for 6
minutes and then videos were scored to calculate the amount of time spent in the center
compared to the periphery. Less anxious animals tend to explore the center area more
than anxious animals, but in our case, shHCN4 animals did not spend more time
exploring the center area compared to EGFP animals (figure 3.4B; *p = 0.071) and the
groups did not differ in the number of crossings (figure 3.4B; **p = 0.959). Overall, it
appears that reduction of HCN4 subunits does not alter anxiety-related behavior.

3.3.3 Reduction of HCN4 subunits in the dorsal hippocampus does
not alter object-location memory

To investigate whether reduction of HCN4 subunits altered long-term memory,
we first tested long-term object-location memory (OLM) in our injected cohort of EGFP
and shHCN4 mice. OLM is a hippocampus-dependent paradigm that assesses an
animal’s ability to discriminate between objects with a novel or familiar spatial location
(Havekes et al., 2012; Oliveira et al., 2010). During training and testing sessions, the
total percentage of time spent exploring all objects in the last training session and in the
test session was the same for both EGFP (n=6) and shHCN4 (n=10) injected animals
(figure 3.5B; *p=0.864; **p=0.936), indicating that our viral manipulation did not grossly
alter exploratory behavior associated with novelty. Twenty-four hours after training, one
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of the objects was displaced to a novel location in each arena and mice were
reintroduced and allowed to explore the objects. Calculating the difference in exploration
time between the testing and training sessions for the displaced and non-displaced
objects shows that both groups spend more time exploring the displaced object in the
test session, suggesting that they recognize something novel about the object’s location.
Similarly, both groups spend less time exploring the non-displaced objects in the test
session compared to the training session, suggesting they recognize these objects as
having a familiar location (figure 3.5C; ***p=0.917). Overall, these results suggest that
HCN4 subunits in the dorsal hippocampus are not involved in object-location recognition
or long-term memory.

3.3.4 Reduction of HCN4 subunits in the dorsal hippocampus
enhances long-term contextual fear memory

Finally, we tested whether reduction of HCN4 subunits altered contextual fear
conditioning. In this task, both groups of mice are exposed to a novel arena with a metal
grating floor. After an initial period of exploration, the mice receive a foot shock and are
then allowed to explore for some additional time. In this task, freezing behavior
(cessation of all movement besides respiration) is the innate rodent response to fear.
Pre-shock freezing levels are a common indicator of generalized fear or fearing novelty.
In our test, EGFP and shHCN4 injected mice had similar levels of pre-shock freezing
(figure 3.6B, *p=0.613), suggesting that our viral manipulations do not grossly affect
freezing behavior or alter preference for novelty (similar to our result for OLM, above).
However, in the test session twenty-four hours later, shHCN4 injected mice showed
significantly more freezing behavior compared to EGFP injected mice (**p<0.023),
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suggesting that shHCN4 subunits alter dorsal hippocampal function in such a way that
enhances consolidation of long-term hippocampus-dependent aversive memory.

3.4 Discussion

The present study investigated the role of HCN4 subunits in animal behaviors
involving the dorsal hippocampus. Overall, our results suggest that while reduction of
HCN4 did not affect anxiety-related behaviors or object-location memory, reduction of
HCN4 subunits enhanced contextual fear memory.
Previous studies have found that selective loss of HCN1 in forebrain excitatory
neurons enhanced spatial memory in the Morris water maze but did not affect anxietyrelated behavior or contextual fear memory (Nolan et al., 2004). Physiologically, loss of
HCN1 dramatically reduced h-current and enhanced CA1 excitability. However, in a
similar study, deletion of the HCN accessory subunit tetratricopeptide repeat-containing
Rab8b-interacting protein (Trip8b) dramatically reduced h-current in CA1 neurons and
increased resistance to behavioral despair without affecting long-term contextual fear
memory (Lewis et al., 2011). Finally, selective knockdown of HCN1 subunits in the
dorsal hippocampus reduced h-current in CA1 neurons as expected and produced an
anxiolytic and antidepressant-like phenotype (Kim et al., 2012). Together, it seems that
decreased h-current in CA1 neurons increases excitability and can have significant
effects on anxiety and resistance to behavioral despair, but only mildly enhances
hippocampus-dependent memory.
Physiological studies of HCN subunits have found that HCN1 subunits are most
likely to be open at resting membrane potentials and are the subunit that is least affected
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by cAMP modulation. Conversely, HCN4 subunits are most likely to be closed at resting
potentials, opened at the most hyperpolarized potentials, and are most affected by
cAMP modulation. Unfortunately, there is a significant gap in our understanding of how
loss of HCN4 subunits affects the physiological properties of CA1 neurons and it is
therefore unclear how our viral-mediated reduction of HCN4 affects the excitability of
CA1 neurons. Because HCN channels can homo- or heterotetramerize, it may be that
loss of HCN4 subunits leads to channels that are preferentially composed of HCN1
subunits. This would suggest that the resting membrane potential is more positive, hcurrent is increased and CA1 neurons are less excitable. Our results show that reducing
HCN4 subunits did not affect anxiety, however, there was a consistent trend toward
increased anxiety that was perhaps masked by the variation produced by our small
sample size in control animals (figures 3.3 and 3.4; EGFP, n=6). If a larger sample size
found that shHCN4 increased anxiety, this would correlate with reduced excitability and
directly contrast with the anxiolytic and increased excitability found with reduction of
HCN1 subunits.
If reducing HCN4 subunits leads to increased h-current and decreased
excitability, this may explain our observed trend toward increased anxiety, however this
effect does not seem to explain our finding that shHCN4 enhanced long-term contextual
fear conditioning (figure 3.6B). An explanation for enhanced contextual memory with
reduction of HCN4 subunits may come from studies of HCN2 knockouts. Full body
deletion of HCN2 resulted in increased excitability in CA1 neurons, but this effected was
associated with decreased excitability and GABA release from hippocampal
interneurons (Matt et al., 2011). Unfortunately, complete loss of HCN2 produced severe
behavioral abnormalities like ataxia, generalized spike-wave absence seizures and
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generalized tonic-clonic seizures – effects that preclude further behavioral testing
(Chung et al., 2009). In our study, immunofluorescence and confocal microscopy images
appear to show HCN4 subunits in the pyramidal cell layer suggesting expression in
excitatory neurons. However, HCN4 subunits have previously been shown to be highly
expressed in interneurons in the hippocampus and spinal cord of rats (Hughes et al.,
2013). If HCN4 expression is weakly expressed in excitatory neurons and strongly
expressed in inhibitory interneurons, perhaps our phenotype comes from a mixed
interaction. Because HCN2 and HCN4 subunits have a similar midpoint of activation (~ 95 mV) and loss of HCN2 had significant effects on interneuron function, reducing HCN4
throughout the hippocampus may still lead to enhanced excitability in CA1 neurons by
disrupting GABA release from interneurons, similar to the effects observed with loss of
HCN2 (Wahl-Schott and Biel, 2009).
In summary, our findings suggest that reducing HCN4 subunits in the dorsal
hippocampus enhances long-term contextual conditioning without significantly affecting
anxiety-related behaviors. Although it is currently unclear how HCN4 may enhance
aversive memory, future experiments utilizing patch-clamp recordings and geneticallytargeted manipulations of HCN subunits in excitatory or inhibitory neurons will be
needed to clarify how HCN4 subunits affect hippocampal activity and rodent behavior.
Author Contributions. This chapter was written by V. Luczak with suggestions from A.
Guenther and T. Abel. V. Luczak and A. Guenther conducted the experiments. V.Luczak
and T. Abel designed the behavior experiments. A. Guenther designed and validated
AAV-shHCN4 virus in vitro, performed qPCR and immunofluorescence. A. Guenther
analyzed the data and made figures.
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CHAPTER 3 FIGURE LEGENDS

Figure 3.1. Recombinant AAV development and injections into dorsal
hippocampus. (A) A validated small-hairpin RNA (shRNA) driven by the human U6
promoter was placed between the left inverted terminal repeat (ITR) and the CaMKII
promoter. (B) Position of the 21bp shHCN4 binding site on the mouse HCN4 mRNA. (C)
At three weeks post injections, AAV-shHCN4 shows successful transduction and
expression of the EGFP neuronal marker that is mostly restricted to the dorsal
hippocampus.
Figure 3.2. AAV-shHCN4 efficiently reduces HCN4 mRNA and protein in the dorsal
hippocampus. Analysis at 3 weeks after injections. (A) Western blot analysis of dorsal
hippocampal tissue shows a slight reduction in the intensity of HCN4 staining selectively
in animals injected with AAV-shHCN4 as opposed to animals injected with AAV-EGFP
(eGFP) or PBS. (B) Quantitative PCR analysis shows that AAV-shHCN4 selectively
reduces HCN4 mRNA compared to AAV-EGFP injected animals (*p<0.0005. EGFP:
n=4; shHCN4: n=8) without altering HCN1 or HCN2 expression. Data are mean ± SEM
and were analyzed by Student’s t-test (*p<0.0005. EGFP: n=4; shHCN4: n=8).
Figure 3.3. Reduction of HCN4 subunits does not alter anxiety-like behavior in the
elevated zero maze. (A) Cartoon of the elevated zero maze showing two opposing open
and closed quadrants. (B) Percentage of exploration time spent in the open or closed
arms of the maze for animals injected with either EGFP (n=6) or shHCN4 (n=10) virus
(*p=0.258). (C) Number of crossings between open and closed sections (**p=0.202).
Data are mean ± SEM and were analyzed by Student’s t-test.
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Figure 3.4. Reduction of HCN4 subunits does not alter anxiety-like behavior during
open field exploration. (A) Cartoon depicting the arena with areas scored for open field
exploration or exploration in the periphery. (B) Percentage of exploration time spent in
the open field or periphery of the arena for animals injected with either EGFP (n=6) or
shHCN4 (n=10) virus (*p=0.071). Number of crossings between peripheral and central
areas (**p=0.959). Data are mean ± SEM and were analyzed by Student’s t-test.
Figure 3.5. Reduction of HCN4 subunits does not alter long-term object-location
memory. (A) Cartoon depicting the behavioral paradigm and how objects are positioned
during training and test sessions. The actual behavioral apparatus contained four
identical arenas with a unique object arrangement for each arena to eliminate any bias
for a particular object. (B) Total exploration time for all objects in the last training session
and the test session as a percentage of time in the arena for EGFP (n=6) and shHCN4
(n=10) injected animals (*p=0.864; **p=0.936). (C) Delta exploration times shown as the
change in percentage of exploration (test – training) for displaced object (DO) versus the
average delta non-displaced objects (NDO) (***p=0.917). Data are mean ± SEM and
were analyzed by Student’s t-test.
Figure 3.6. Reduction of HCN4 subunits increases long-term contextual fear
memory. (A) Cartoon depicting the conditioning apparatus. (B) Percentage of freezing
prior to shock onset indicates baseline fear levels are comparable for EGFP (n=6) and
shHCN4 (n=10) injected animals (*p=0.613) but freezing is significantly enhanced in
shHCN4 injected mice compared to EGFP mice 24 hours after training (**p<0.023). Data
are mean ± SEM and were analyzed by Student’s t-test.
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Tables
Table 3.1 Primers used for qPCR of HCN subunits and housekeeping genes
Gene

Accession

Primer Sequence

Fragment Size

5' - ACTGTGGGCGAATCCCTGG - 3'

184 bp

Number
mhcn1

NM_010408.3

5' - TCTGCACAGCTGCTGGTGG - 3'
mhcn1

NM_010408.3

5' - CACAGAGCAGACGACAACAC - 3'

197 bp

5' - CCACCGGGATCGATGAGATG - 3'
mhcn2

NM_008226.2

5' - GGAGAATGCCATCATCCAGG - 3'

149 bp

5' - TCATGGCCACAGCCTGCTG - 3'
mhcn3

NM_008227.1

5' - TGGGAACCACTGGTGCACG - 3'

141 bp

5' - TGAGCGTCTAGCAGATCGAG – 3’
mhcn4

NM_001081192.1

5' - CACGACCTCAACTCAGGCG - 3'

153 bp

5' - CAGCGGGGTCCATATAACAG - 3'
mhcn4

NM_001081192.1

5' - ACCGCTATCAAAGTGGAGGG - 3'

155 bp

5' - TGGCTGCCGAACATCCTTAG - 3'
mgapdh

NM_008084.2

gfp

5' - GGCATTGTGGAAGGGCTCATG - 3'

150 bp (cDNA)

5' - GCCCACAGCCTTGGCAGC - 3'

284 bp (genomic)

5' - GACGTAAACGGCCACAAGTTC – 3’

189 bp

5' - GAAGTCGTGCTGCTTCATGTG - 3'
mgja5

NM_001271628.1

5' - GAGAAACTTGGGTCTTTCTGC - 3'

176 bp

5' - CATTAGTAGCAACCAAATGCC - 3'
mgja11

NM_178596.2

5' - GGTGATCATGCTGATCTTCCG – 3’
5' - CGTGTTACACACGAACTCCTC - 3'
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90 bp

CHAPTER 4: Conclusions and Future Directions
This work focuses on the molecular mechanisms that underlie spatially- and
temporally-defined intracellular signaling events and postsynaptic potentials. The second
messenger, cAMP, has been studied as a critical regulator of synaptic adaptations for
four decades; yet the precise mechanisms coordinating the pathway-specific actions of
cAMP remained unclear. Advancements in two-photon microscopy methods and
genetically-encoded fluorescent biosensors have repurposed imaging-based research.
Previous microscope-based questions that were once addressed through descriptions of
static objects have become modern questions that address both structure and function
with temporal precision. Additionally, the convenience and reliability of recombinantassociated viruses and shRNA technology have facilitated our ability to assess the
functional requirements for a particular protein in vivo with staggering efficiency. This
work aimed to explore how the cAMP pathway may give rise to spatially- and temporallydefined signaling events that are implicated in multiple aspects of neurophysiology like
kinase cascades and postsynaptic potentials. In Chapter 1, I introduced what is known
about how cAMP signaling contributes to long-lasting forms of synaptic plasticity and
long-term memory through the coordinated actions of PKA activity and modulation of
HCN channels. In Chapter 2, I measured the spatial and temporal dynamics of cAMP
and PKA activity in CA1 neurons during activation of β-adrenergic receptors and found
that cAMP transients are faster and have a higher amplitude in small dendrites;
whereas, PKA activity was higher in large compartments. I then used a computational
model to test the physical and molecular constraints that shape compartmentally-distinct
patterns of cAMP and PKA and found that the ratio of AC:PDE4 scaled with
compartmental diameter to regulate basal cAMP and reproduce our observed
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compartmental differences in cAMP during stimulation. PKA activity was not affected by
excess PKA subunits or excess PKA substrates, but PKA activity could be suppressed
by enrichment of protein phosphatase-1 in small compartments. In Chapter 3, I used
recombinant adeno-associated virus and shRNA strategies to knockdown HCN4
subunits in the dorsal hippocampus to examine their role in behavioral measures of
anxiety and memory. I found that reduction of HCN4 subunits did not affect anxiety or
object-location memory, but significantly enhanced contextual fear conditioning. In
Chapter 4, I will review my findings, discuss their implications and suggest future
directions for this work.

4.1 Spatial and temporal dynamics of cAMP/PKA signaling

Recent advancements in genetically encoded fluorescent biosensors have
allowed researcher to visualize biochemistry in a cellular context. Some of the most
prolific sensors used today are genetically encoded calcium indicators (GECIs) (Rose et
al., 2014). In terms of sensor design, there are two main strategies; one that exploits
förester resonance energy transfer (FRET) to report calcium levels as spectral changes
in two compatible fluorophores, and another that uses a single conformation-sensitive
fluorophore to report calcium levels as changes in fluorescence intensity (Baird et al.,
1999; Miyawaki et al., 1997). These indicators are typically employed to measure free
calcium in the bulk cytosol, at localized cellular domains, or within organelles. In the
nervous system, calcium is often used as a proxy for action potential firing when calcium
levels increase through NMDA receptors and voltage-gated calcium channels. GECIs
can therefore be used to monitor network activity in cultured cells, in acute brain slices,
or in vivo. Since the initial development of GECIs, numerous iterations and
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improvements have been made to expand the color pallet into blue and red wavelengths
and to increase the efficiency of the sensor to rival the performance of synthetic calciumsensitive dyes (Akerboom et al., 2013). One of the most important features that came
from the development of GECIs was the basic understanding of the biophysics
underlying biosensor function. We these improvements, we have reached a point where
GECIs are stable enough to repeatedly monitor hundreds of neurons in vivo over days,
weeks or months during physiologically-relevant behaviors; lending powerful insight into
the behavioral roles for subpopulations of genetically-identified neurons. However,
dissecting the intracellular signaling dynamics that gate activity-dependent plasticity and
memory remains largely unexplored.
With the understanding of GECI function, a large variety of fluorescent sensors
have been developed through similar molecular engineering strategies. In Chapter 2, I
utilized two different genetically-encoded FRET-based biosensors; one to measure
cAMP transients (EPAC-SH150) and one to measure PKA phosphorylation events
(AKAR3). Similar versions of these sensors have been used to measure cAMP or PKA
activity in cultured neurons or acute brain slices, but in this study, both sensors were
used to measure cAMP or PKA within different neuronal compartments in acute
hippocampal slices which preservers the native morphology of CA1 neurons (Castro et
al., 2010; Chen et al., 2014; Gervasi et al., 2007; Klarenbeek et al., 2011; S. R. Neves et
al., 2008; Polito et al., 2013). Due to the high frame rate of our imaging system, I was
able to record cAMP transients with high fidelity which allowed measurements of
amplitudes, on-rates and off-rates, similar to recent studies (Polito et al., 2013). During
stimulation of β-adrenergic receptors, cAMP transients had a faster on-rate and greater
amplitude in small dendritic compartments compared to large compartments like the
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proximal dendrite and somata; a result that was consistent with cAMP measurements in
cultured neurons but one that had not been reported for hippocampal neurons in acute
slices (S. R. Neves et al., 2008).
Using the same stimulation strategy with the PKA sensor, global activation of βadrenergic receptors produced more PKA activity in large neuronal compartments
compared to small dendrites, but without different rates in activity. This result was
unexpected because previous imaging studies did not measure PKA activity across
different compartments of CA1 neurons, but a common assumption is that PKA activity
would correlate with cAMP levels (Kim et al., 2011; S. R. Neves et al., 2008). Results
from a single compartment computational model found that the ratio of adenylylcyclase:phosphodiesterase 4 (AC:PDE4) scaled in proportion to the diameter of the
neuronal compartment to maintain basal cAMP and reproduce our observed
compartmental differences in stimulated cAMP transients. Using the same simulation
conditions, our model showed that PKA activity should correlate with cAMP levels; a
result that is inconsistent with our imaging results. To expand on this result, we tested
three hypotheses and found that: 1) excess PKA subunits did not increase PKA activity
in large compartments; 2) excess PKA substrates in small compartments did not
decrease PKA activity; and 3) enrichment of protein phosphatase-1 (PP1) in small
compartments could lower PKA activity as measured through substrate phosphorylation,
and may be a potential mechanism suppressing dendritic PKA activity.
Overall, results from imaging and modeling experiments broadly suggest that
cAMP and PKA activity operate with spatial and temporal specificity during global
activation of modulatory receptors. Previous studies found that stimulation of βadrenergic receptors do not alter synaptic plasticity unless paired with synaptic
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stimulation (O’Dell et al., 2015). One important future direction will be to quantify the
amount of cAMP/PKA generated with synaptic stimulation alone and when paired with
activation of modulatory receptors. Synaptic plasticity and memory are known to require
the cAMP/PKA pathway at specific temporal points and PKA may attain spatial
specificity through a-kinase anchoring proteins (AKAPs) (Abel and Nguyen, 2008;
Bourtchouladze et al., 1998; Park et al., 2014); however, it is unclear how inactivation
components like PDEs and PPs dynamically shape cAMP and PKA signals in space and
time. An additional future direction would be to incorporate pharmacological or genetic
disruption of specific PDEs or PPs to characterize the specific inactivation components
regulating cAMP and PKA in specific cellular domains during plasticity or memory. With
an improved understanding of signaling pathways are dynamically regulated to gate
plasticity, we can better assess how signaling cascades malfunctions in models of
neurological disease, anxiety, or traumatic stress (Cahill et al., 2004; Kelly et al., 2007;
Pitman et al., 2011; Poelmans et al., 2013).

4.2 HCN4 in anxiety and hippocampus-dependent memory
Previous studies exploring the role of HCN channels in hippocampus-dependent
behaviors focused on the roles of HCN1 or HCN2 due to their higher levels of
expression compared to HCN4 subunits. Surprisingly, disruption of either HCN1 or
HCN2 enhanced long-lasting synaptic plasticity at perforant path synapses at distal CA1
synapses, but each subunit appear to function in distinct roles (Matt et al., 2011; Nolan
et al., 2004). Disruption of HCN1 seems to directly increase CA1 neuron excitability by
decreasing h-current, whereas disruption of HCN2 acts indirectly by reducing h-current
in hippocampal interneurons which suppresses GABA release onto CA1 neurons and
increases CA1 excitability. In either case, genetic disruption of either HCN1 or HCN2
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produced an anxiolytic-like phenotype by increasing exploration in the elevated-plus
maze and open field; and an antidepressant-like phenotype by increasing resilience in
the tail suspension test and forced-swim test. The anxiolytic- and antidepressant-like
phenotype was identical to that found in mice carrying a deletion of the HCN accessory
subunit, TRIP8b, which dramatically alters all HCN channel trafficking (Lewis et al.,
2011; Santoro et al., 2011). Overall, these results suggest that in the native state, HCN
currents suppress CA1 excitability and disruption of HCN currents enhances CA1 activity
to produce an antidepressant and anxiolytic effect. This mechanism seems to contrast
with anti-anxiety medications like benzodiazepines that enhance the inhibitory actions of
GABA (Chen et al., 1996; Hogg, 1996; Prut and Belzung, 2003) and the antidepressant
effects associated with ketamine (Autry et al., 2011). Surprisingly however, disruption of
HCN channels and ketamine treatment both increase the level of mature brain-derived
neurotrophic factor (mBDNF) protein and phosphorylation of the translational regulator
mammalian target of rapamycin (mTOR) (Autry et al., 2011; Kim et al., 2012). However,
it remains unclear how an increase or decrease in neuronal activity or excitability
converges on activation of the mTOR-BDNF pathway.
In Chapter 3, I used recombinant adeno-associated virus and shRNA methods to
knockdown expression of HCN4 subunits. The intrinsic properties of each HCN subunit
are unique, and HCN4 subunits are characterized as having the slowest activation time
constant, a very negative half-maximal activation voltage (-80 to -100 mV) and the
strongest modulation by cAMP (+10-25mV) (Altomare et al., 2003; Baruscotti et al.,
2005; Stieber et al., 2005). Due to the unique properties of HCN4 subunits, we
hypothesized that HCN4 may buffer the effects of HCN1 or HCN2. Therefore, reduction
of HCN4 subunits may preferentially form HCN channels composed of HCN1/2, increase
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h-current and suppress hippocampal activity. Behaviorally, we expected to find
increased anxiety and decreased performance in hippocampus-dependent memory
tasks. Instead, our results show that reduction of HCN4 subunits does not alter anxiety
or object-location memory, but enhances contextual fear conditioning. Surprisingly,
however, our anxiety tasks showed a consistent but insignificant trend toward increased
anxiety in shHCN4 animals and it is possible the significance was masked by the
variation produced by our small sample sizes. Therefore, an important future direction
will be to reassess anxiety tasks with a larger sample size of shHCN4 and control
animals. Additionally, previous studies found that loss of HCN1 or HCN2 subunits
produced an antidepressant-like phenotype in the forced swim test and tail suspension
test. If HCN4 subunits truly buffer the function of HCN1 or HCN2, depressive tasks will
also need to be tested with reduction of HCN4. We also were unable to assess
downstream biochemical markers in knockdown animals. If knockdown of HCN4
produces an anxiogenic and depressive-like phenotype, then we would expect to see a
reduction in mTOR-BDNF activation. From these results, we could reasonably expect
that reduction of HCN4 subunits would increase h-current, but patch-clamp recordings
would be essential for validation.
Considering the wide breadth of research that has explored HCN channels in
numerous cellular and physiological contexts, it seems obvious that our investigation of
HCN4 subunits in the hippocampus is incredibly limited. However, at the same time, our
understanding of HCN channels is highly suggestive that our results are consistent with
HCN4 subunits suppressing h-current. The wide use and reliability of adeno-associated
viruses will sure facilitate the dissection of various HCN subunits in different brain
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regions and will be vital to assessing specific subunits in genetically-defined neuronal
subpopulations.

4.3 Future Directions: Simultaneous measures of physiology and
intracellular signal transduction
Beginning with presynaptic transmitter release and initiating postsynaptic
potentials, intracellular signaling cascades, nuclear signaling complexes, activitydependent gene transcription, de novo protein synthesis, formation of novel protein
complexes and eventually synaptic remodeling; it has become clear that hippocampusdependent synaptic plasticity and memory occur through an elaborate network molecular
signaling pathways. Numerous pathways that are arranged like dominos and operate
with spatial and temporal specificity to appropriately “fall” in a sequence that allows for
integration of synaptic activity as relevant information. Advances in two-photon
microscopy have allowed for rapid measurements of fluorescent reporters in brain slices
or in vivo with minimal photobleaching and phototoxicity. Together with modern
optogenetic methods, two-photon imaging is allowing us to move toward all optical
methods that can simultaneously stimulate and measure postsynaptic activity.
Combining optogenetics with coexpression of postsynaptic fluorescent reporters is
already revealing powerful details about how transmitter systems gate intracellular
signaling pathways to unlock synaptic plasticity (Yagishita et al., 2014). With continued
improvements in genetically encoded fluorescent biosensors, subtle changes in
molecular activity are bound to reveal novel insight into how neurons compartmentalize
activity. The results presented in Chapter 2 suggest that neurons differentially regulate
cAMP and PKA in at least two compartments, but considering that disruption of HCN
channels only affects perforant path LTP, it seems likely that the cAMP/PKA pathway
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may be uniquely regulated in distal synapses as well. An important future direction for
dissecting the molecular mechanisms of plastic and memory will be to quantify signaling
dynamics and membrane potentials at multiple neuronal compartments and eventually
across different hippocampal subregions (e.g., CA3 and dentate gyrus) and neuronal
subpopulations (e.g., inhibitory neurons, glia).
Contributions
This chapter was written by V. Luczak with input and suggestions by T. Abel.
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